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Introduction
The Standard Model gives a successful description of known phenomena,
however there are various indications of the existence of New Physics. The
main purpose of the LHC experiments will be the search of the Higgs boson
and the search of physics beyond the Standard Model at the TeV scale.
The LHC is a proton-proton collider, which will operate at a center of mass
energy of 14TeV . It is under construction at the CERN in Geneva. It is fore-
seen to start in the middle of 2008. At the LHC there are three experiments
mainly devoted to the search of new physics: ATLAS, CMS and LHCb.
ATLAS and CMS are the biggest experiments and they will look for direct
evidence of new particles, or new degrees of freedom. Their very ﬁrst targets
will be the search of the Higgs boson and super-symmetric particles. LHCb
is dedicated to the physics of b-hadrons, it will look for indirect evidences
of new physics measuring branching ratios, decay amplitudes and CP asym-
metry eﬀects in b-hadrons, which can be sensitive to new physics eﬀects.
The direct and indirect approach to the search of NP is quite complemen-
tary. In particular, the indirect approach is useful not only to discover but
also to understand and discriminate between the diﬀerent theories of NP.
This work is a study of rare B-meson decays with muons in the ﬁnal state,
in context of the LHCb experiment.
Three diﬀerent analyses are here presented:
-The sensitivity to the B0s → e±µ∓ decay;
-the LHCb sensitivity to the B0s → µ+µ−γ decay;
-the correction of angular biases in the B0d → K∗0µ+µ− decay 1.
This thesis is organized into six chapters. In the ﬁrst chapter the theoret-
1The study of the correction of angular biases in the B0d → K∗0µ+µ− channel was
carried out in collaboration with the high energy group of the Imperial College of London.
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ical framework is brieﬂy reviewed. In chapter 2 the LHCb experiment and
the diﬀerent parts of the detector are described. In chapter 3 the statistical
methods used for this work are summarized. In chapter 4 and 5 the studies
of the LHCb sensitivity to the B0s,d → e±µ∓ [5] and B0s,d → γµ+µ− [6]
channels are presented. In chapter 6 a study of the correction of angular
biases in the B0d → K∗0(892)µ+µ− is discussed [7].
All the three analyses here presented are originals, the two sensitivity study
ware never attempted before in LHCb.
Chapter 1
Physics beyond the Standard
Model involved in rare
B-meson decays
1.1 Problems of the Standard Model
The Standard Model is a quantum ﬁeld theory based on the local gauge sym-
metry group SU(3)C × SU(2)L ×U(1)Y . There are three families of quarks
and leptons. Each family is composed of two SU(2)L doublets, and three
SU(2)L singlets. For instance the family [Q,uc, dc, L, ec] with Q = (u, d) and
L = (e, ν) SU(2)L doublets and uc, dc and ec being charge conjugate SU(2)L
singlets transforms as
[
(3, 2, 13), (3, 1,−43), (3, 1, 23), (1, 2,−1), (1, 1, 2)
]
under
the gauge symmetry group 1. The SM has 19 free parameters: 9 charged
fermion mass, 4 CKM mixing angles, 3 gauge coupling constants, the Higgs
vacuum expectation value v, the Higgs quartic coupling λ and the QCD θ
parameter 2. Recently the neutrino oscillation experiments proved that the
neutrino has a mass, if we consider 3 light Majorana neutrinos there are at
least another 9 parameters: 3 masses , 3 mixing angles and 3 phases. This
description of the elementary particle interactions has been very successful
1Here we use the convention that the ﬁelds are left-handed and the electric charge is












′γ5)ψ, the two parameters θ˜ and θ′ contribute to the physical measurable parameter
θ which can be responsible for strong CP -violation. The fact that θ ' 0 to ﬁt the
experimental bound on the electric dipole moment of the neutron is considered a ﬁne-
tuning problem of the SM.
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until now. However there are reasons to look for theories beyond the SM.
The SM is not considered a good candidate to be the ultimate theory of
nature because it is aﬀected by naturalness, hierarchy and ﬁne tuning
problems. In particular any quantum ﬁeld theory (QFT) is considered an
eﬀective theory valid up to a determinate cut-oﬀ Λ, beyond which a new
high energy theory is valid.
The problem of ﬁne-tuning is related to the behavior of the low energy the-
ory parameters with respect to the Ultra Violet (UV) cut-oﬀ Λ.
The parameters of a low energy theory can be either sensitive or insensitive
to the UV cut-oﬀ. Being m a UV sensitive parameter of the low energy the-
ory the following classiﬁcation can be made. The theory is called natural if
m ∼ Λ (i.e. m ' gΛ4pi for the Higgs mass). It is called symmetry-natural if
there is a symmetry limit in which m = 0 but because of symmetry breaking
we can have m ¿ Λ. Another possibility is that there is some tuning at
the UV scale Λ due to some feature of the high energy QFT, i.e. m1 = m2,
and radiative corrections to this relation leads to logarithmic divergences in
the low energy QFT parameter m. In this case the theory is called super-
natural. Finally the last possibility is that the theory is unnatural in which
case there is a positive power law dependency on the UV scale and a ﬁne
tuning mechanism allows m ¿ Λ. The latter case is unwanted as we don't
know of any physical mechanism which produces ﬁne-tuned theories.
In the SM there is only one parameter which has a power dependence on the
UV cut-oﬀ, namely the Higgs boson mass. The Higgs boson of the SM is the
missing particle needed to conﬁrm the exactness of the model, however it is
also a source of problems [1]. The Higgs mass is a free parameter in the








2 = 247GeV, (1.2)
where v is the VEV, GF is the Fermi coupling and λ is the quartic Higgs
coupling, which is a free parameter. However precise measurements on the
SM electroweak sector and measurements of the masses of the top quark and
of the W± bosons are sensitive to log(mHiggs) through radiative corrections.
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This allows us to put an upper bound on the Higgs mass. The present best
limit ismHiggs < 186GeV at 95% conﬁdence level. This is in agreement with
theoretical constrains obtained requiring that the SM remains a perturbative
theory up to the grand uniﬁed theory (GUT) scale3.
Whatever the Higgs boson mass is, it receives divergent contributions from
each particle that couples with it. Each fermion that couples with the Higgs
contributes to the radiative correction of the Higgs boson mass through the




ΛUV + ... , (1.3)
where ΛUV is the cut-oﬀ momentum of the virtual particle in the loop.
If the SM is valid up to the Planck scale MPlanck, it would receive from all
quarks and leptons radiative contributions of the order of MPlanck. There-
fore, to maintain mHiggs < 190GeV , it is necessary to ﬁne-tune the Higgs
bare and visible mass 4. This ﬁne-tuning is considered unnatural and dif-
ﬁcult to explain because it invokes an accidental UV relation. Moreover,
Figure 1.1: One loop quantum correction to the Higgs mass due to a fermion
f .
if the cut-oﬀ of the SM is the Planck scale, it is very unnatural that the
electroweak scale is 16 orders of magnitude less than MPlanck, this is known
3The condition that the SM remains a perturbative QFT up to ΛGUT = 1016GeV
constrains the Higgs boson mass to be in the range 130GeV − 190GeV





H −4m2t ), where ΛSM is the cut-oﬀ of the SM. To avoid ﬁne-tuning between these
parameters, i.e. δmH
mH
< 10, it must be that Λ ∼ fewTeV [2]
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as the hierarchy problem.
The three main problems of the SM are therefore very closely related, and
for all these problems there are common solutions.
The most likely solution is that the SM is a natural or symmetry-natural
theory, in this case the cut-oﬀ of the SM must be of the order of the elec-
troweak scale: few TeV 5. Obviously the new theory which replaces the SM
at the TeV scale must explain why the Planck scale is 16 orders of magni-
tude higher. However there are various possible solutions to this question.
For instance the theory can contain only logarithmic divergences and in this
case it is a super-natural theory. Another possibility is that there are several
eﬀective QFT with increasing cut-oﬀs approaching the Planck scale. Finally
it is possible that the quantum gravity cut-oﬀ is not the Planck scale but
signiﬁcantly lower.
We do not have any experimental evidence of quantum gravity eﬀects, more-
over the most precise experimental data of classical gravitation is at the
centimeter scale.
Up to now only the string theory is considered a possible candidate to be a
quantum theory of gravity. Its basic idea is to replace the point-like particles
of the QFT with 1−dimensional elementary objects called strings. Diﬀer-
ent kinds of string theories have been proposed. In all these theories, to
avoid anomalies, the number of space-time dimensions must be greater then
four, typically ten or eleven. Moreover other multidimensional elementary
objects called D−branes have been studied in the context of string theory.
In these models the extra-dimensions can be either compactiﬁed, i.e. warped
with a very small radius, or extended with the requirement that the gauge
ﬁelds are constrained to live in the usual (3 + 1)−dimensional space time.
In particular various models which predicts extra-dimensions have shown
that the quantum gravity cut-oﬀ can be at the TeV scale (see for instance
[32]). Therefore by assuming that the quantum gravity cut-oﬀ is given by
the Cavendish experiment ((GNewton)−
1
2 ' 1019GeV ) we are extrapolating
the experimental results up to 31 orders of magnitude, from classical gravity
5The most natural explanation is that mHiggs ∼ gΛ4pi , in this case Λ ∼ 1TeV . However
many new physics couplings at the scale of Λ ∼ 1TeV have already been ruled out [4]. If
the SM is a symmetry-natural theory the cut-oﬀ can be increased up to 10TeV .
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to quantum gravity. This approach could be very naive.
Moreover, even if we choose to allow for the ﬁne-tuning of the SM there are
other reasons, related to the perturbative behavior of the SM [1], to choose
a cut-oﬀ much lower than the Planck scale.
However theoretical physicists don't consider this model a good candidate
to be the ultimate theory of nature. as it has too many free parameters. A
great deal of eﬀort has been made trying to solve the problems of the SM
within a theory that uniﬁes all the forces of nature.
1.2 Super-symmetric extensions of the Standard
Model
The most promising candidate to replace the SM at the TeV scale is the su-
persymmetric extension of the SM (SUSY). Many SUSY models are super-
natural theories up to the Planck scale, therefore they would be able to
solve the hierarchy problem of the SM. Moreover, the uniﬁcation of gauge
couplings doesn't occur in the SM and it is achievable in several SUSY the-
ories. Supersymmetry is an additional symmetry of Nature which involves
bosonic and fermionic degrees of freedom. This symmetry transforms bo-
son into fermion and vice versa. The simplest supersymmetric action of




µφ∗ + iψ†σµ∂µψ. (1.4)
Where ψ is a fermionic ﬁeld and φ is a bosonic ﬁeld and they transform
under supersymmetric transformation as in Equation 1.5.
δφ = ²ψ, δφ∗ = ²†ψ†
δψα = −i(σµ²†)α∂µφ, δψ†α˙ = i(²σµ)α˙∂µφ∗, (1.5)
where ²α is an inﬁnitesimal anticommuting Weyl fermion object.
The Minimal extension of the SM (MSSM) is the minimal SUSY model which
can be obtained from the SM without external assumption. This model has
a large number of free parameters, there are 19 parameters which correspond
to the SM free parameters (see section 1.3) and 105 genuinely new parameters
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of the MSSM. For each fermion of the SM there are two super-symmetric
partners associated to the left-handed and right-handed fermions. In general
they are not mass eigenstates but they can mix. These particles are called
squarks and sleptons. The Higgs sector of the MSSM is composed of two
hypercharge (Y = ±1) Higgs doublets which generate masses for up-type
and down-type quarks and charged leptons. There are ﬁve physical Higgs
particles: a charged pair H±, a CP -odd neutral boson A0 and two neutral
CP -even bosons h0 and H0. The tree level Higgs sector parameters depend
on two quantities: the ratio between the two Higgs VEVs (tanβ = vuvd )
and the mass of the A0 boson. Additional parameters enter when one loop
radiative corrections are included.
Finally there are super-symmetric partners of the gauge and Higgs bosons.
The name of these particles is obtained by adding the suﬃx `-ino' to the
name of the correspondent partner of the SM, i.e. the super-partner of the
gluon is the gluino, which is a spin 3/2 fermion. Even if the general MSSM
has 124 free parameters, most of them can be constrained by asking for
the consistency of the MSSM with the present experimental bounds. For
instance most of the parameter regions of the MSSM don't conserve the
leptonic numbers for the three families, exhibit new sources of CP -violation
inconsistent with the actual experiments and the ﬂavor changing neutral
currents (FCNC) are unsuppressed. Requiring that the MSSM respects these
phenomenological bounds we obtain SUSY models with signiﬁcantly less
parameters, in this case people speak of CMSSM (constrained MSSM). One
interesting model is the minimal Super-gravity model (mSUGRA), in this
case the MSSM and its interactions are determined by only ﬁve parameters in
addition to the usual 19 SM parameters: m0, A0, m1/2, tanβ and the sign of
the µ parameter. The MSSM possesses a multiplicative conserved quantum
number, the R-parity R = (−1)3(B−L)+2S . All the SM particles are even
R-parity eigenstates and the super-partners are odd R-parity eigenstates. R-
parity conservation implies that the lightest super-symmetric particle (LSP)
is stable and it is a good candidate for the cold Dark Matter.
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1.3 Grand Uniﬁed Theory (GUT)
The theory that uniﬁes the electromagnetic force, the strong and the weak
force in a unique force is called GUT (Grand Uniﬁed Theory). The diﬀerence
with the so called TOE (Theory Of Everything) is that GUT doesn't include
gravity. There are at least three good reasons to deal with gravitation sepa-
rately with respect to the other forces:
1)The natural scale of Quantum Gravity is MP ∼ 1019GeV whereas the
uniﬁcation of the other forces should happen at MG ∼ 1016GeV ;
2)Up to now there has not been a universally accepted quantum theory of
gravity to look at, as it happens for the other forces;
3)Gravitation is a particular force, that is responsible for the space-time cur-
vature, it is not completely clear that the diﬀerence between the Planck mass
and the GUT scale poses a ﬁne tuning problem.
Since quarks and leptons are both fundamental and without structure it
is desirable to have a symmetry that unify these two particles. The easi-
est way to unify quarks and leptons is through the well known Pati-Salam
gauge group SU(4)C ×SU(2)L×SU(2)R [18]. One family is now expressed
by [(Q,L), (Qc, Lc)] transforming as
[
(4, 2, 1), (4, 1, 2)
]
. In this model the
Q = (uc, dc) and L = (ec, νc) are doublets under SU(2)R and the left/right-
handed symmetry is restored at high energy. The electric charge is given by
the relation QEM = T3L+T3R+ 12(B−L), B being baryon number and L be-
ing lepton number. The right-handed neutrino is desirable when considering
neutrino masses and it is needed to complete the SU(2)R lepton doublet.
It has not SM quantum number and it is therefore sterile. This kind of
uniﬁcation doesn't unify the gauge couplings, there are still 2 independent
couplings if we impose L↔ R parity symmetry and 3 if we do not. To unify
the gauge couplings it is necessary to insert the SM in a simple uniﬁed gauge
group. The simplest way to do this is the Georgi-Glashow theory based on
the symmetry group SU(5), where this group breaks in one step to the SM.
The requirement for the couplings to be equals at the GUT scale (MG) put
a prediction on the nucleon life time.
The simplest SU(5) model was already ruled out by Superkamiokande
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(a) (b)
Figure 1.2: Evolution of the inverse of the three gauge coupling constants
within the SM (a) and the MSSM (b).
results of the proton lifetime and LEP measurement of sin2θW . Moreover,
non-SUSY GUTs with only one breaking scale were already ruled out because
it is not possible to obtain the uniﬁcation of the three couplings. In Figures
1.2(a)-1.2(b) the predicted behavior of the gauge couplings deﬁned in 1.6,
assuming the SM and the MSSM, is shown [8]. The uniﬁcation of the














However non-Susy GUTs with a more complicated breaking mechanism can
still ﬁt experimental data. For instance a great deal of attention has been
put on non-SUSY models SO(10) → SU(4)C × SU(2)L × SU(2)R → SM .
It was shown that these models with the second breaking scale determined
by light neutrino masses using the see-saw mechanism ﬁts well with the
low gauge coupling behavior [9], it is in agreement with the present nu-
cleon decay bounds [10] and it provides a natural accommodation for the
light neutrino masses. In [11] (see below) it was also stressed that the
SU(4)C × SU(2)L × SU(2)R symmetry breaking can give an alternative ex-
planation to the hierarchy problem with respect to the usual SUSY or large
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extra-dimensions theories. Recently a great deal of progress has been made
constructing intersecting D-brane models within the string theory that can
naturally incorporate the Pati-Salam symmetry group in 4 dimensions (see
for instance [32]).
1.4 Two Higgs doublet model (2HDM).
The most straightforward extension of the SM is the two Higgs doublet model












These ﬁelds acquire VEVs (< φ0i >= vi), breaking in this way the electroweak




2v2SM , where v2SM is the SM Higgs VEV. Usually this model is
parametrized with the vSM value and with tanβ = v2v1 .
The 2HDM can be thought as an eﬀective model. It has the same particle
content as the Higgs sector of the MSSM.
When tanβ is large, the Yukawa coupling to the b quark is of the order 1
and large eﬀects in B decays are therefore expected.
1.5 New Physics in the B0s → e±µ∓ channel.
1.5.1 The Pati-Salam model
In the usual Pati-Salam model a particle called Leptoquark (LQ) arises when
the gauge group SU(4)C , which uniﬁes quarks and leptons, is spontaneously
broken [18]. This particle acquires a mass dependent on the scale at which
the symmetry is broken. This model explains why quarks experience the
strong force while leptons do not, why the quark charge is fractional and
uniﬁes in an elegant and natural way quarks and leptons. The main diﬀerence
between quarks and leptons is that quarks experience strong interaction.
This diﬀerence is removed if we interpret the lepton number as the fourth
color. The easiest way to do this is to arrange quarks and leptons into
families like:
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where R,G,B are the usual three colors Red, Green and Blue and where
L(R) index denotes left-handed (right-handed) chirality.
In this model the break-down of the SU(4)C → SU(3)C × U(1)L−B allows
lepton number violation for each family but preserves the B − L quantum
number and the total lepton number as well. This mechanism allows ele-
mentary interactions represented by the vertex in Figure 1.3, in which the
dashed line is the LQ. This particle carries both baryon and lepton numbers.
Because the total lepton number and the B-L number must be conserved, the
LQ cannot mediate pure fermionic interactions like µ → eγ or the nucleon
decay.
However eﬀective four fermion interactions should appear in the neutral
mesons lagrangian. Because we have three families of quark and leptons
there are 6 possible diﬀerent couplings. Choosing for instance the coupling
(dC , e) and (sC , µ) an eﬀective four fermion interaction appears in the neutral





where MC is the LQ mass, the g4 coupling is the Pati-Salam coupling and
the sum over colors is implicit. Because of the fact that SU(4)C breaks
to SU(3)C the g4 coupling is just the strong coupling at the MC scale.
The lagrangian of Eq. 1.11 corresponds to the K → e±µ∓ decay, through
the tree level Feynman diagram of Figure 1.4. The branching ratio for the
K0L → e±µ∓ decay can be easily computed [19] evolving the quark masses
and the coupling constant to the MC scale. The branching ratio depends on
the inverse of the LQ mass at the fourth power. Therefore a limit on the
K0L → e±µ∓ decay is directly translated into a limit on the LQ mass.
However there is not a deep reason to couple the d-quark family with the
e-lepton family and the s-quark family with the µ-lepton family, but (as was
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Figure 1.3: Quark-Leproquark-Lepton vertex which arises in the Pati-Salam
model.
Table 1.1: Lower bound on Pati-Salam LQ mass (TeV) from rare K, pi and
B meson decays. The coupling scheme is indicated in the ﬁrst column.






d → e±µ∓ B0s → e±µ∓
eµτ 1950 250 4.9





suggested in [19]) we have to keep an open mind on all the possible couplings.
In Table 1.1 all the best limits currently available on quark-lepton couplings
6 are shown. These limits are obtained in the approximation VCKM ' I, a
more general coupling scheme without this assumption is discussed in Section
1.5.2.
In the case of the coupling scheme with the τ -lepton family associated
to the third or the second quark family the most sensitive probes of the
existence of the LQ couplings are lepton ﬂavor violating (LFV) decays of
neutral B mesons in electron and muon (B0s,d → e±µ∓). The branching ratio
for these LFV decays can be computed with the Feynman diagrams in Figure
6This table is taken from [19] and updated by us.
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Figure 1.4: Leptoquark mediated LFV neutralK0L meson decay into electron
and muon (K0L → e±µ∓).
1.6 and is given by the following Equation 1.12:




















where the coeﬃcients FB(s,d) are B0(s,d) decay constants, mB(s,d) is the B0s,d
mass and mt and mb are the b and t quark masses. These decays were
already studied by the CDF and Belle experiments. The world's best limits
at present are: Br(B0s → e±µ∓) < 6.1 · 10−6 @ 90% ( [26]) and Br(B0d →
e±µ∓) < 1.7 · 10−7 @ 90% ( [27]).
1.5.2 The Pati-Salam model with Leptoquark-W boson mix-
ing
In the previous section the possible lepton-quark couplings were examined,
however chirality eigenstates are not mass eigenstates. Quarks and leptons
acquire mass through the Higgs mechanism. Since it is not possible to diag-
onalize the quark mass matrix and the quark ﬂavor matrix together, there
are transitions between diﬀerent quark families. Choosing the basis in which
(u, c, t) are mass eigenstates, we have: Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 | d〉| s〉
| b〉
 =
 | d′〉| s′〉
| b′〉
 . (1.13)
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It can be shown that a mixing in the interaction of LQ currents with the
W boson necessarily occurs [22]. Moreover to avoid ultraviolet divergent
contributions to l → l′ transition via quark-leptoquark pairs it is necessary
to include this mixing at the tree-level. Let us indicate with (ul, dl) the
quark doublet associated with the lepton l. When we choose the basis in















The states in 1.14 are not mass eigenstates but for the charged leptons. We
can write:
νl = Kinνn (1.15)
ul = Uinun (1.16)
dl = Dindn (1.17)
where the states νn, un, dn are the mass eigenstates and the matrix K,D,U
are unitary matrices. If we insert the 1.15-1.17 in the lagrangian for the







µ(1− γ5)l + U∗lnD∗lmunγµ(1− γ5)dm]W ∗µ + h.c. (1.18)
In Equation 1.18 can be seen that the usual CKM matrix is related to the
U , D matrices through the relation V = U †D. In the breakdown of the
SU(4)C three charged and colored LQ arise, their interaction with fermions










Xµc + h.c. (1.19)
At low energy, when the transferred momentum is negligible with respect to
the LQ mass, the eﬀective lagrangian leads four-fermion quark-lepton inter-
actions. Once again this interactions could be responsible for LFV neutral
meson decays. However, now it is not possible to translate directly the limit
in the branching ratios of these decays into a limit in the LQ masses, as was
done in Table 1.1. Therefore the LQ mass lower bound could be lower than
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Table 1.2: Lower bound on the LQ mass (TeV) from rare meson decays when
the mixing with the W± boson is taken into account.
Experimental limit Bound on LQ Reference
Br(K+ → pi+µ−e+) < 5.2 · 10−10 MLQ|DesD∗µd|1/2 > 96TeV [23]
Br(K+ → pi+µ+e−) < 1.3 · 10−11 MLQ|DesD∗µs|1/2 > 240TeV [24]
Br(KL → µe) < 4.7 · 10−12 MLQ|DedD∗µs+DesD∗µd|1/2 > 1950TeV [25]
Br(B0s → µe) < 6.1 · 10−6 MLQ|DesD∗µb+DebD∗µs|1/2 > 20.5TeV [26]
Br(B0d → µe) < 1.7 · 10−7 MLQ|DedD∗µb+DebD∗µd|1/2 > 50TeV [27]
expected when the mixing is neglected.
In Table 1.3 various processes sensitive to LQ interaction with the matrix
elements involved are listed. The only mixing independent LQ mass bound
is given by the cosmological measurement Br(pi0 → νν) < 2 · 10−13 [28]
which corresponds at Mc > 18TeV .
It is clear that a better knowledge of the LFV neutral meson decays is nec-
essary in order to conﬁrm or exclude this model. The partial width for the
processes B0d,s → e±µ∓ is related to the Leptoquark massMLQ through [22]:
BR(B0d,s → e±µ∓) = Γ(B0d,s → e±µ∓) ·
2pi · τB(d,s)
h
















where FB(d,s) are the B0d,s decay constants, mB(d,s) the B0d,s mass, mb andmt
the running b and t quark masses in the modiﬁed minimal subtraction (MS)
scheme, τB(d,s) the B0d,s lifetimes and αs(µ) the strong coupling constant
evaluated at the scale µ. The factor F d,smix takes into account generation
mixing within the Pati-Salam Model and is, e.g. for the decay B0s → e+µ−:
F smix =
(DesD∗µb +DebD∗µs) (1.21)
where Dij are the elements of the unitary mixing matrix of the down-type
quarks in the representation 1.14.
1.5 New Physics in the B0s → e±µ∓ channel. 33
1.5.3 The Pati-Salam SU(4)C × SU(2)L × SU(2)R alternative
model
As discussed above, in order to solve the hierarchy and ﬁne tuning problems,
there should be a new QFT at the TeV scale which replaces the SM. In
[32] it was shown that the hierarchy problem can be solved constructing
a gravitational theory in (4+2)-dimensions, with two compactiﬁed warped
dimensions. In this model the Planck energy (1019GeV ) is replaced with the
EW energy of the order of the TeV and the SM is embedded in a SU(4)C ×
S(2)L × SU(2)R Pati-Salam gauge group in the bulk. In the usual Pati-
Salam model the SU(4)C breaking must be at least at 18TeV, due to the
experimental limit on Br(pi0 → νν) < 2 · 10−13.
Recently, in [11], a model in which the SU(4)C ×S(2)L×SU(2)R breaking
allows the lepton-quark uniﬁcation at the TeV scale was proposed. It was
also stressed that this uniﬁcation can give a possible solution to the hierarchy
problem.

























where E−, E0 is an SU(2) exotic fermion doublet.
They transform under this gauge group as follow:
QL ∼ (4, 2, 1) (1.23)
QR ∼ (4, 1, 2) (1.24)
fL ∼ (1, 2, 2). (1.25)
The minimal choice for scalar multiplets that break the gauge symmetry
giving mass to the charged fermions is:
χL ∼ (4, 2, 1) (1.26)
χR ∼ (4, 12) (1.27)
φ ∼ (1, 2, 2) (1.28)
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notice that the scalar multiplets transform with the same quantum numbers
as the fermion multiplets of each generation. The lagrangian which takes
into account the scalar-fermion interaction is:
L = λ1QLfLτ2χR+λ2QRfLτ2χL+λ3QLφτ2QR+λ4QLφ
cτ2QR+h.c. (1.29)
where φc = τ2φ∗τ2. The symmetry is broken when the component (T =
−1, I3R = 1/2) of χR, the component (T = −1, I3L = 1/2) of χL and the
two components I3R = −I3L = ±1 of the φ ﬁeld gain non zero vacuum
expectation value (VEV) as shown in 1.30-1.33:
< χR(T = −1, I3R = 1/2) >= ωR (1.30)
< χL(T = −1, I3L = 1/2) >= ωL (1.31)
< φ(I3R = −I3R = −1/2) >= u1 (1.32)
< φ(I3R = −I3R = 1/2) >= u2, . (1.33)
If the VEVs satisfy the relation ωR > u1,2, ωL 7 the symmetry is broken as
in the 1.34.
SU(4)⊗ SU(2)L ⊗ SU(2)R
↓ 〈χR〉
SU(3)c ⊗ SU(2)L ⊗ U(1)Y (1.34)
↓ 〈φ〉, 〈χL〉
SU(3)c ⊗ U(1)Q
In this model there are four electrically neutral leptons: νL,R and E0L,R.
The exotic leptons E0L,R gain masses by the VEV ωR, their masses must
be heavier than mZ/2 ∼ 45GeV as they don't contribute to the Z decay
amplitude. The right-handed neutrino is sterile with respect to the SM






7If ωR À u1,2, ωL the model reduces to the SM.
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where φc = τ2φ∗τ2.
The left handed neutrino νL is massless at the tree level, but it gains mass
radiatively through the interaction of the Feynman diagram shown in Figure
1.5. It is not possible to give a precise estimation of the νL mass because there
are too many free parameters, such as the E-lepton masses, however one
would expect that neutrino mass arising from this radiative process would
be rather light. In the hypothesis that Higgs scalar contributions to one-loop
Figure 1.5: Feynman diagram for the radiative neutrino mass.
correction of the radiative neutrino mass are negligible, it is possible to put
a naive theoretical upper limit of 50eV on the neutrino mass [11]. It can
be shown that this model respects the present bounds on nucleon decay. As
for the other Pati-Salam type models, also this model allows LFV neutral









µK ′ijljR + h.c. (1.36)
whereW ′ is a colored leptoquark of charge 2/3, D1(2,3)=d(s,b), l1(2,3) = e(µ, τ)
and the matrix K ′ij is a CKM type matrix. The diﬀerence with the previ-
ous model is that this charged leptoquarks couple only with right-handed
fermions and are therefore called chiral leptoquarks. In [11] several LFV
decays were examined. The results were interpreted for the possible matrices
K ′. A particularly interesting conﬁguration is when this matrix is given by
1.37 or 1.38:
K ′ ∼
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K ′ ∼
 0 cosα sinα0 −sinα cosα
1 0 0
 (1.38)
In this case the most sensitive LFV decay to the lepton-quark uniﬁcation are
the decays of neutral B-mesons via the diagram in Figure 1.6. The branching
Figure 1.6: Leptoquark mediated LFV B0q decay into electron and muon
(B0s,d → e±µ∓).
ratio for this process is approximately given by the formula:






where MW ′ is the mass of the W ′ boson. In order to solve the hierarchy
problem we can put the bound
MW ′ . few · TeV . (1.40)
Notice that this couple scheme allows lepton-quark uniﬁcation at the TeV
scale without invoking super-symmetry and provides a natural explanation
for the smallness of neutrino masses. Using the relation 1.40 it is possible
to predict LFV neutral B-meson decays with a branching ratio larger than
10−9 (this prediction can be tested at the LHCb experiment).
Therefore this model extends the SM at the TeV scale allowing LFV neutral
meson decays and adding additional W ′± bosons, a new Z ′ boson and a
doublet of exotic fermions E0,−.
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Table 1.3: Possible LQ couplings consistent with the SM gauge group. All
the couplings are dimensionless, B and L conserving. In the ﬁrst four columns
the LQ quantum numbers are listed.
Spin 3B+L SU(3)c SU(2)W U(1)Y coupling
0 −2 3 1 1/3 qcLlL or ucReR
0 −2 3 1 4/3 dcReR
0 −2 3 3 1/3 qcLlL




1 −2 3 2 −1/6 ucRγµlL
0 0 3 2 7/6 qLeR or uRlL
0 0 3 2 1/6 dRlL
1 0 3 1 2/3 qLγµlL or dRγµeR
1 0 3 1 5/3 uRγµeR
1 0 3 3 2/3 qLγµlL
1.5.4 Leptoquarks in model independent analysis
In the previous sections some Pati-Salam models were discussed. All these
models predict LFV B-meson decays. However there are many other models
which predict the leptoquark existence [29] and consequently LFV neutral
B-meson decays. LQs can be scalars or vectors, their couplings may or
may not depend on the fermion chirality (as for instance in the SU(4)C ×
SU(2)L × SU(2)R alternative model). In addition to GUT models in which
leptons and quarks are expected to form multiplets, there are other models
in which the LQ arises, such as the extended Technicolor and compositness
models. All the possible LQ couplings that are dimensionless, conserving B
and L number and consistent with the SM gauge symmetry group are listed
in Table 1.3 for both scalar and vector LQ. In [29] a model independent
analysis of the possible LQ couplings was discussed, however in such an
analysis the LQ is less constrained because there are two free parameters
instead of one: the LQ mass MLQ and the LQ coupling λLQ.
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1.6 New Physics in the B0s,d → µ+µ−γ channel
1.6.1 New Physics in the B0s → µ+µ− channel
In the indirect search for new physics particularly important are ﬂavor chang-
ing neutral currents (FCNC) . These decays are forbidden at tree level in the
SM and they are highly suppressed by the GIM mechanism. Because of
the breakdown of the GIM mechanism at low energy these branching ratios
are not vanishing. In the SM they can proceed only via penguin and box
diagrams. Therefore SM contributions via virtual particles might be at the
same level as NP contributions.
The experimental measurements of b→ sγ transitions ( [39], [40] and [41])
allowed us to put very strong constrains on various NP models, such as the
2HDM and MSSM. Other NP sensitive processes are the b → sl+l− transi-
tions.
Among these, the Bs,d → µ+µ− decay, the Bs,d → γµ+µ− decay and the
Bd → K∗0µ+µ− decay are particularly interesting.
The fully leptonic decays of the neutral B-meson (Bs,d → l+l−) are pre-
dictable in the SM. They have a very small branching ratio. This is due not
only to the FCNC suppression but also to helicity suppression, in fact in this
decay the two leptons are emitted with the same helicity. Therefore these
branching ratios are smaller for lighter leptons (Eq. 1.41).
Br(B0s → e+e−) ∼ 10−14
Br(B0s → µ+µ−) ∼ 10−9 (1.41)
Br(B0s → τ+τ−) ∼ 10−6
All these decays are very promising for what concerns the search of physics
beyond the SM, in particular it was shown in [35] that they can be useful
for the constrain of the CMSSM parameters. Even if the Bs → τ+τ− decay
has the largest branching ratio 8 it is diﬃcult to measure because of the low
detection eﬃciency. The most interesting decay is the B0s → µ+µ− which can
be mediated by the Feynman diagrams in Figure 1.7. Thanks to the latest
8The leptonic decays of the B0d meson have smaller branching ratio because of Cabibbo
suppression.
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measurement of the B0s oscillation frequency (∆Ms = 17.8 ± 0.1ps−1) the
theoretical prediction of this branching ratio within the SM is very precise
(Br(B0s → µ+µ−) = (3.4 ± 0.4) · 10−9). Moreover the branching ratio of
(a) (b)
(c)
Figure 1.7: Feynman diagrams for the B0s → µ+µ− decay within the SM.
the B0s → µ+µ− channel within the MSSM is proportional to the Higgs
vacuum expectation value (tanβ) at the sixth power. Therefore this decay
is very sensitive to SUSY models with high tanβ value. In the context of the
CMSSM the branching ratio of B0s → µ+µ− and the anomalous magnetic
moment of the muon gµ− 2 are function of few parameters, i.e. the gaugino
mass and tanβ.
The best limit at present on the B0s → µ+µ− decay is put by the CDF
experiment (Br(B0s → µ+µ−) < 5.8 · 10−8 @95%CL).
However it is expected that this limit will be signiﬁcantly improved by the
LHCb experiment, which will be able to measure the SM branching ratio in
just one year of running. This measurement is one of the most interesting
early measurement for the LHCb experiment. The LHCb sensitivity for this
decay was already studied in detail in [38].
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This analysis is not subject of this thesis.
1.6.2 The B0s,d → µ+µ−γ decay
Another interesting decay is the B0s → µ+µ−γ channel. This channel pro-
ceeds via the Feynman diagrams of Figure 1.8. Even if the diagrams for
(a) (b)
(c)
Figure 1.8: Feynman diagrams for the B0s → µ+µ−γ decay within the SM.
the B0s → γµ+µ− decay have one more vertex with respect to those of the
B0s → µ+µ−, the branching ratio for the two channels is predicted to be of
the same order of magnitude. This is due to the fact that the presence of
the photon removes the helicity suppression.
However, in this case, because of the photon radiation, an additional form
factor must be taken into account. This calculation can be carried out using
various approaches, which invoke diﬀerent approximations. All these calcu-
lations ( [45], [46], [47] and [42]) give an estimation for the branching ratio
of the B0s → γµ+µ− decay in the range (1 ÷ 5) · 10−9, when long distance
contribution are not taken into account.
In particular the most complete calculation of the branching ratio and of
the dimuon invariant mass spectrum within the SM was carried out by N.
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Nikitin and D. Melikhov in [42].
The spectrum for the square of the dimuon invariant mass (q2) as com-
puted [42] in is shown in Figure 1.9. Recently new physics eﬀects in the
Figure 1.9: Dimuon q2 spectrum for the B0s → γµ+µ− decay.
B0s → µ+µ−γ channel were studied with a model independent analysis [43]
and in the context of speciﬁc NP models as well [44]. This branching ratio









where the Oi are local operators, Vij are CKM matrix elements, µ is the
renormalization scale and the coeﬃcients Ci are known as Wilson coeﬃcients.
New physics can contribute to the branching ratio of B0s → µ+µ−γ either
changing the Wilson coeﬃcients already present in the SM or through new
operators. The eﬀective Hamiltonian of the b → ql+l− can be written in























+CLRRLqLbRlRlL + CRLRLqRbLlRlL (1.43)
+CT qσµνblσµν l + iCTE²µναβqσµνblσαβ}
In Figure 1.10 the behavior of Wilson coeﬃcients as a function of the
branching ratio B0s → µ+µ−γ is shown [43].
Figure 1.10: The dependence of branching ratio for the B0s → γµ+µ− decay
on the new Wilson coeﬃcients. A cut on δ = 0.01 in the photon energy was
imposed.
In [44] it was also shown that the contribution of theories beyond the
SM involving enhanced Z-penguin can signiﬁcantly enhance this branching
ratio, the possible enhancements are listed in Table 1.4 for two diﬀerent form
factors.
Moreover, Br(B0s → γµ+µ−) can also be signiﬁcantly enhanced in some
SUSY models like the two Higgs doublets model (2HDM) and mSUGRA.
Figure 1.11 shows Br(B0s → µ+µ−γ) as a function of tanβ for diﬀerent
values of charged Higgs doublets mass. At present there is no measurement
available on the branching ratio of the B0s → µ+µ−γ decay. The world's
best limit on the B0d → µ+µ−γ decay is set by the BaBar experiment [48]
(Br(B0d → µ+µ−γ) < 1.7 · 10−7 @ 90% CL).
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Figure 1.11: The branching ratio for the B0s → γµ+µ− decay in the 2HDM
as a function of tanβ. The curves are obtained for diﬀerent Higgs mass
values [44].
1.7 New Physics in the B0d → K∗0µ+µ− channel
In Figure 1.12 the Feynman diagrams of the SM contributions (Electroweak
penguins) and a possible SUSY contribution (Neutralino-loop) to this decay
are shown. In [49] a model independent study via the OPE was performed,
showing that the angular distribution in the kinematical limit of low di-muon
invariant mass is sensitive to new CP sources and right-handed currents.
Within the SM there are not right-handed currents and the only source of
CP violation is due to a complex phase in the CKM matrix. However there
are many extensions of the SM which predict new sources of CP violation due
to the interference of new particles which may enter in the loops. Moreover
right-handed currents arise in many SM extensions, as in theories involving
the SU(2)L × SU(2)R gauge symmetry group.
The Bd → K∗0µ+µ− decay is completely described by the following formula
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Table 1.4: The branching ratio for the B0s → γµ+µ− decay calculated within
the SM and the bsZ model. The calculation was done in [44] using two
diﬀerent form factors: Kruger and Melikov's form factors (K and M) and
Dincer and Sehgal's form factors (D and M).
Model Br(B0s → γµ+µ−) · 10−9
SM (K and M) 1.766
bsZ (K and M) 6.68
SM (D and S) 2.94
bsZ (D and S) 10.47
(a) (b)
Figure 1.12: Feynman diagrams for the B0d → K∗0µ+µ− decay.
Diagram (a) is one of the SM contributions (electroweak penguin).
Diagram (b) is a possible SUSY contribution (neutralino loop).
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Figure 1.13: Kinematic variables for the B0d → K∗0µ+µ− decay.








Ii(s, θK) · fi(θl,Φ), (1.44)
where θK , θl and Φ are three angles deﬁned in the following which describe
completely the angular distribution of the decay products and the variable
s is the dimuon invariant mass.
Considering the Bd → K∗0µ+µ− decay (Figure 1.13), denoting with −→p
the three-momentum measured in the B0d rest frame, with −→q the three-
momentum measured in the dimuon rest frame, with−→r the three-momentum
measured in the K∗0 rest frame, being the z− axis the direction of the K∗0
in the B0d rest frame we deﬁne:
−→e z =
−→p K+ +−→p pi−
| −→p K+ +−→p pi− |
, el =
−→p µ+ ×−→p µ−
| −→p µ+ ×−→p µ− |
, eK =
−→p K+ ×−→p pi−
| −→p K+ ×−→p µ− |
cosθl =
−→q µ+ · −→e z
| −→q µ+ |
, cosθK =
−→r K+ · −→e z
| −→q K+ |
(1.45)
sinΦ = (−→e l ×−→e K) · −→e z , cosΦ = −→e K · −→e l.
For the B0d → K∗0µ+µ− decay the angles are measured with respect to the
µ− and the K+. Therefore θK is the angle between the K−(K+) and the
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d) direction in the K
∗0(K∗0) rest frame, θl is the angle between the
µ+(µ−) and the B0d(B0d) in the dimuon rest frame and the Φ is the angle
between the K∗0(K∗0) decay plane and the dimuon plane in the B0d(B0d) rest
frame (Figure 1.13). The angles are therefore deﬁned in the intervals:
0 ≤ θl ≤ pi , 0 ≤ θK ≤ pi , −pi ≤ Φ ≤ +pi. (1.46)
Even if this channel suﬀers from the theoretical uncertainties related to the
heavy-to-light form factors, these uncertainties can be greatly reduced in
the limit in which the ﬁnal meson has a large energy in the B0d(B
0
d) rest
frame. The functions I1−9 can be written in terms of the amplitudes Aj (with
i = t, 0, ‖, ⊥ ) which have both left-handed and right-handed components.
The At amplitude correspondent to the scalar component of the oﬀ-shellK∗0
is negligible in the kinematical limit in which the muon mass is small with
respect to the dimuon invariant mass and the K∗0 is almost on-shell. The





, A0 = H0 , At = Ht (1.47)
The I1−9 function are explicitly written as a function of their left and
right-handed components. The diﬀerential decay rate of Equation 1.44 has
10 free parameters: 6 complex quantities, in which the 2 phases between
left-handed and right-handed components can be arbitrarily ﬁxed as they




(| A⊥L |2 + | A‖L |2) sin2 θK +
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<(A0LA∗‖L)sin2 + (L→ R) (1.51)
I5 =
√
2<(A0LA∗‖L) sin 2− (L→ R) (1.52)
I6 = 2<(A‖LA∗⊥L) sin2−(L→ R) (1.53)
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I7 =
√




=(A0LA∗‖L) sin 2 + (L→ R) (1.55)
I9 = =(A∗‖LA⊥L) sin2+(L→ R) (1.56)
In this decay it is possible to deﬁne some observables which are pre-
dictable within the SM and are sensitive to NP [49], [50], [51], [52], [53].
The most promising is the forward-backward asymmetry (FBA), which is
the asymmetry between the µ+(µ−) going forwards and backwards with re-
spect to the B0d(B
0
d) direction in the dimuon rest frame. This asymmetry was
computed in the SM as a function of the dimuon invariant mass square (s)
(Figure 1.14). An observable particularly sensitive to NP is the zero crossing
point of the FBA which is predicted with a very small error. It was shown
Figure 1.14: FBA versus the dimuon mass square s in the SM. The dotted
line is computed at leading order. The continuous line at next to leading
order. The yellow band represents the theoretical uncertainty [53].
that the FBA is enhanced by SUSY contributions for large tanβ values and
that it depends strongly on the sign of the µ parameter of the CMSSM (Fig-
ure 1.15). Other interesting asymmetries are A(1)T and A
(2)
T which are deﬁned
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| A0 |2 + | A‖ |2 + | A⊥ |2
(1.59)
The quantities A(1)T and A
(2)
T are predicted with a small theoretical error.
Figure 1.15: FBA versus s as predicted in some SUSY models and in the
SM (solid line) for the B0d → K∗0µ+µ− decay [50].
In [49] it was shown that SUSY contributions generally change the val-
ues of these asymmetries. In Figure 1.16 the asymmetries A(1)T and A
(2)
T as
a function of the variable s are plotted. The black line is the SM pre-
diction, the band represents the theoretical uncertainty. The green and
yellow lines are predictions of SUSY models. It is important to stress
that the asymmetry values are signiﬁcantly changed also by SUSY mod-
els with low tan(β) value, this makes this measurement complementary to
9For completeness FBA is also written as a function of the amplitudes Aj .
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most of the important channels for the indirect search of NP, such as the
B0s → µ+µ− decay. The B0d → K∗µ+µ− decay was already studied by
the BaBar and Belle experiments ( [56] and [57]). Its branching ratio is
Br(B0d → K∗µ+µ−) = (0.88+0.33−0.29 ± 0.10) · 10−6.
The FBA was measured with a large uncertainty due to lack of statistics.
The present sensitivity to the zero crossing point of the FBA is no suﬃcient
to discriminate between the SM and other NP theories.
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Figure 1.16: A(1)T (Figure (a) ) and A
(2)
T (Figure (b) ) as a function of the
dimuon mass. The black line is the next to leading order prediction within
the SM. The band represents the theoretical uncertainty. The other lines are
predictions of SUSY models with low tanβ value [49].
Chapter 2
The LHCb Experiment
2.1 Beauty production at LHCb
The p-p interactions are dominated by QCD eﬀects. There are long-
distance and short distance eﬀects. The long distance interaction is a non-
perturbative interaction in which the protons see each other as point like
particles without structure. The scattering is known as soft, as the trans-
ferred momentum is low, the out-coming particles are therefore produced at
small polar angles with respect to the beam axis. This process is not relevant
for b-hadron production.
In short distance interactions the interacting particles are the partons of the
incoming protons. In this case the interaction is described by the perturba-
tive QCD followed by a non perturbative hadronization to colorless hadrons.
The transferred momentum is large, therefore the out-coming particles are
produced with large transverse momentum with respect to the beam axis.
At LHCb the mean number of particles per events is about 300, the mean
Table 2.1: Cross section of various process in pp collisions at 14TeV at LHCb.
Total cross-section σtot = 100mb
Inelastic cross-section σin = 5.5mb
cc Production σcc = 3.5mb
bb Production σbb = 500µb
Z0W±, Z0 σZ0W± = 38pb
γ∗Z0 + Jets σγ∗Z0+Jets = 73nb
W± + Jets σZ0+Jets = 160nb
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Table 2.2: Production fraction for b-hadrons.
B0, B± 39.8± 1.0%
B0s 10.4± 1.4%
b baryons 9.9± 1.7%
(a) Gluon fusion. (b) Gluon splitting.
(c) Flavor excitation. (d) qq annihilation.
Figure 2.1: Feynman diagrams for the b-hadron production at LHCb.
charged stable multiplicity is about 100, of which about 20 are inside the
LHCb pseudorapidity range.
In Table 2.1 the expected cross sections, for some processes as calculated
with Pythia, are listed.
Among these processes there are the Z0 and W± production, which have a
small cross section if compared with the bb and cc cross sections and Jets
emission.
Jets are originated by partons which scatter with very high transverse mo-
mentum, and then hadron showers are emitted. The study of jets recon-
struction is important for the detection of light Higgs particles in LHCb.
For the LHCb experiment the most relevant processes consist of events which
contain b and c hadrons. The trigger system (see [70]) is in fact designed to
enhance these events, in particular bb events, with respect to minimum bias
events.
The dominant Feynman diagrams for bb production at LHCb are: gluon
fusion, quark-antquark annihilation, gluon splitting and ﬂavor ex-
citation. These processes are shown in the diagrams in Figure 4.14.
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However, the production mechanism is aﬀected by large theoretical uncer-
tainties due to the phenomenological description of the next-to-leading order
contributions.
At the LHC energy, it is unlikely that the two scattering partons will have
similar momentum, but most likely, they will scatter with large diﬀerences
in momentum.
As the mass of the bb quark pair is small with respect to the typical parton
center of mass energy, the gluon is radiated with high momentum. There-
fore b-hadrons are produced correlated and predominantly both forwards or
backwards (Figure 2.2). The b and b quarks are then produced in the same
forward (or backward) cone with a typical correlation of one unit in rapidity.
At the tree level, the cross section of the two processes qq → QQ(1%) and
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where m2T = m2 + p2T and where y indicates the rapidity of the out-coming
quarks. The cross section is therefore suppressed for large pT values and
for large diﬀerences in rapidity between the two out-coming quarks, this
justiﬁes the choice of the forward geometry for the LHCb experiment.
In Table 2.2 the production fractions for the various b-hadrons, as evaluated
with Pythia, are listed.
2.2 The LHCb Spectrometer
The LHCb (Large Hadron Collider Beauty Experiment) is a single arm for-
ward spectrometer. It is the only experiment of the LHC completely devoted
to the study of b-hadron physics, in particular to the measurement of CP
violation and rare decays of b-hadrons.
The layout of the detector is shown in Figure 2.2, Its dimensions are (x = 6
m) x (y = 5 m) x(z = 20 m). It covers an angular range between 10mrad
and 300mrad in the bending plane and between 10mrad and 250mrad in the
non-bending plane, or equivalently a range of pseudorapidity of 1.9<η<4.9.
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Figure 2.2: Side view of the LHCb detector (non-bending plane). The LHCb
coordinate system is also shown.
The choice of the forward geometry is motivated by the fact that at high
energy bb pairs are emitted correlated and predominantly forwards or back-
wards as shown in Figure 2.3 .
The LHCb coordinate system is right-handed and deﬁned so that the z-axis
points towards the muon station and the y axis points upwards. In this sys-
tem the main magnetic ﬁeld component is along the y axis.
The LHCb experiment will operate at a luminosity of 2 × 1032cm−2s−1, a
reduced luminosity with respect to the maximum design luminosity of the
LHC. At this luminosity the events are dominated by a single p − p inter-
action as shown in Figure 2.4. This implies an easier analysis and event
reconstruction, a lower detector occupancy and a reduced radiation damage.
The LHCb apparatus consists of ﬁve sub-detectors:
-Vertex Locator Detector (VELO);
-Tracking System (TT, Tracking Stations T1, T2 and T3);
-Ring Imaging Cherenkov detectors (RICH1, RICH2);
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Figure 2.3: LEGO plot of the polar angle of b (θb) and b (θb) obtained with
Pythia in the p−p interaction at 14TeV. The bb pair is emitted predominantly
forwards or backwards.
-Electromagnetic and Hadronic Calorimeters (ECAL, HCAL);
-Muon System (M1, M2, M3, M4 and M5).
The detector is traversed by the beam pipe. The beam pipe must be me-
chanically very stiﬀ to withstand the pressure diﬀerence between the Ultra
High Vacuum in the region of the LHCb detector and the ambient, but it
must also be thin enough to minimize the number of particles from secondary
interactions. For this purpose the chosen material was beryllium.
A dipole magnet is located close to the interaction point and is used to
bend the trajectories of charged particles and allow the determination of
the momentum from the deﬂection in the magnetic ﬁeld. The magnet has
a bending power of
∫
Bdl ∼ 4Tm and a non-uniformity below 5% . Figure
2.5 shows the behavior of By with respect to the z-axis. The choice of a
warm magnet instead of a super-conducting magnet is due to the possibility
of reversing the polarity in order to study systematics induced by possible
left-right asymmetries in the detector.
The diﬀerent parts of the detector will be brieﬂy described in the remainder
of this chapter.
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Figure 2.4: Probability of having n interactions as a function of the lumi-
nosity. The nominal and maximum luminosities are indicated by the dashed
lines.
2.3 The Vertex Locator Detector (VELO)
The Vertex Locator (VELO) is one of the tracking subsystems of LHCb
(Figure 2.6). It is a fundamental device to reconstruct both primary and
secondary vertexes, as it provides precise measurement of the tracks close to
the interaction point. The presence of secondary vertexes is an important
signature which allows us to enrich the content of B-mesons in the data.
As the cτ of B-mesons is about 400µm and the average momentum is about
100GeV , the distance between Primary Vertex (PV) and the B-meson decay
secondary vertex is about 1cm, therefore a sub-mm resolution is needed to
resolve secondary vertexes. Moreover to measure Bs−Bs oscillations, which
are very fast (∆Ms = (17.8± 0.1)ps−1), a proper time resolution of 40 fs is
required and therefore a very good secondary vertex resolution. The on-line
secondary vertex resolution is expected to be 80µm, this precision increases
up to 40µm in the oﬀ-line analysis.
The LHCb vertex detector consists of 21 silicon stations along the beam di-
rection. This detector has to operate in a very high radiation environment
which is strongly non uniform in the radial direction.
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Figure 2.5: The By component of the magnetic ﬁeld strength as a function
of the z-coordinate.
The VELO detector is enclosed inside a large vacuum vessel. However, to
protect the primary LHC vacuum allowing the sensor revoval, the detector
stations are placed in an aluminium secondary vacuum container. The sec-
ondary vacuum cantainer must be radiation resistant and it must act as a
wake ﬁeld suppressor as well. In fact, the beam bunches, passing through
the VELO, induce wake ﬁelds as a consequence of the geometrical changes
and of the ﬁnite restivity of the wall materials. The wake ﬁeld can aﬀect
both the VELO system (RF pick-up) and LHC beams.
In order to protect the sensors from RF currents, an aluminium alloy foil
were designed. It is corrugated to dissipate the induced currents and min-
imize the material seen by the particles. However this shielding might be
insuﬃcient to protect the detector against high-frequency pick-up noise. The
wake ﬁeld suppression is achieved by enclosing the silicon stations in an alu-
minium box and ensuring that a continuous conductive surface guides the
mirror charges from one end of the VELO vessel to the other.
For safety reasons the closest approach allowed to the beam axis is about
5mm, however considering RF-shield and the guard-ring on the silicon the
sensitive area starts at about 8mm from the beam axis. This distance is
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Figure 2.6: 3D view of the VELO vacuum vessel.
smaller than the aperture required by LHC during the injection to avoid ra-
diation damage, hence the stations must be retractable. This is achieved by
putting the whole system inside a vacuum vessel with a roman-pot to enable
the removal of the two VELO halves.
The VELO active elements consist of 21 silicon disks spread along the beam
line. Each station is constituted by a R-measuring sensor with circular strips
centered around the beam axis (Figure 4.3(a)) and a Φ-measuring sensor with
radial strips (Figure 4.3(b)).
The sensors are 220µm n-on-n single side silicon strips bounded back-to-
back. The VELO is optimized to have the best impact parameter resolution.
In order to select clean events in the L0 Trigger the VELO has also a pile-up
veto. It consists of two R-sensors stations upstream the interaction point
and it is used to detect the track multiplicity in the backward region and
the number of PVs within the same bunch crossing (Figure 2.8). The VELO
is refrigerated by a cooling block that uses CO2 as refrigerant in orders to
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(a) R-Sensor layout (b) Φ-Sensor layout
Figure 2.7: Schematic view of the R-sensor a) and of the Φ-sensor b).
avoid thermal and radiation damages.
Figure 2.8: VELO stations in the y−z plane. The pile-up veto is constituted
of the two single planes at the smallest z position.
2.4 Tracking
The LHCb tracking system consists of three sub-detectors, whose aim is to
reconstruct the tracks of charged particles:
-The VELO (already discussed above);
-The Trigger Tracker (TT);
-The tracking stations T1-T3.
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Since the Tracking stations T1-T3 have to deal with diﬀerent ﬂuxes of par-
ticles as a function of the radius, two diﬀerent technologies were adopted,
named inner-tracker (IT) and outer-tracker (OT). A very good momentum
resolution, of about δpp ∼ 0.4% is expected. This is necessary to achieve the
required invariant mass resolution.
2.4.1 Trigger Tracking (TT)
The Trigger Tracker (TT) is located downstream of the RICH1 detector,
before the magnet, at about 2.5m from the interaction point. It is funda-
mental in the reconstruction of down-stream and upstream particles (see
Section 2.8) and it is also used in the online analysis to roughly measure the
transverse momentum of particles with a large impact parameter.
The fringe magnetic ﬁeld between the VELO and the TT (about 15Tm)
induces a few millimeters deﬂection from a straight line in a particle of mo-
mentum of a few GeVs. This is suﬃcient to measure the momentum with
10− 40% accuracy without the use of the other tracking stations.
Since the TT is in front of the magnet, it will deal with ﬂuxes of particles
as high as in the VELO. Therefore, a similar silicon based technology was
chosen. The TT is also useful in oﬀ-line analysis to measure tracks of low
momentum which are swept out of the acceptance by the magnet and hence
cannot be seen by other tracking detectors, like for instance the low momen-
tum pion from the D∗ → D0pi decay.
Finally, the TT is necessary for the reconstruction of long lived particles,
as for instance the K0s , which decays after the VELO. The active area of
the detector, which covers the nominal acceptance of the spectrometer, is
covered by silicon microstrip detectors with a strip pitch of 198µm and a
length of 33cm. The TT consists of two pairs of four layers: TTa centered
at z = 232cm and TTb centered around z = 262cm. The ﬁrst and the last
layer are x-layers with vertical readout strips, the second and third layer,
called u/v-layers, are rotated by a stereo angle of ±5 degree respectively.
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2.4.2 Tracking Stations (T1-T3)
The T1-T3 Tracking Stations are located after the magnet and upstream of
the RICH2 detector. The purpose of the tracking stations is to give a precise
measurement of particle momenta and to provide space points for long track
reconstruction.
The T stations have to provide the direction of tracks for the reconstruc-
tion of the Cherenkov ring in the RICH detector and are used as seeds for
reconstruction in the Calorimeter and in the Muon Detector for energy mea-
surement and identiﬁcation. Each station is divided into two parts: Inner
Tracker and Outer Tracker.
2.4.3 Inner Tracker (IT)
The Inner Tracker (IT) has an overall sensitive area of about 4.2m2. Each
station consists of four detector layers. The IT is a silicon microstrip detec-
(a) x-layer (b) u-layer
Figure 2.9: Layout of the x-layer a) and of the u-layer b) in T2. The units
are centimeters.
tor which uses 320µm thick single side p+-on-n sensors. The strip pitch is
approximately 200µm and the strip length is up to 22cm.
Each station of the IT consists of four detector boxes (Figure 2.9 ), each of
which contains four detection layers. Each layer consists of seven staggered
silicon ladders. The 28 ladder in the same detector box, are mounted onto
a common cooling plate. The IT covers only about 1.3% of the tracking
area, even if approximately 20% of the particles pass through it. In order to
obtain high particle reconstruction eﬃciency and low occupancy, the read-
out granularity of the detector has to be matched to the expected particle
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Figure 2.10: Layout of the tracking stations in the y − z plane.
ﬂuxes. Each tracking station has four detection layers with xuvx-topology
described above for the TT. The IT is positioned upstream of the four de-
tection layers of the OT (Figure 2.10) and the left/right boxes are placed
upstream of the top/bottom boxes.
There is overlap between the sensitive areas of the diﬀerent IT boxes and
the adjacent OT. This allows us not only the full acceptance coverage but it
is also necessary for alignment using shared tracks. The inner acceptance of
the IT is a square around the beam pipe and the size is slightly diﬀerent for
the three stations to follow the shape of the beam pipe.
2.4.4 Outer Tracker (OT)
The rest of the tracking area is covered by the OT (Figure 2.11). The OT
technology was chosen to have good spatial resolution and low cost. This
is motivated by the fact that the OT covers a larger area than the IT with
lower occupancy.
The OT consists of drift cells with a gas mixture of Ar(70%) and CO2(30%)
for a drift time below 75 ns. The OT is built from 5mm straw tubes assembled
in modules of rows of 64 or 96 straws depending on the region in which they
are placed. Each module consists of two layers in which the straws are packed
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Figure 2.11: Front view of a x-layer of a T-station. The units are centimeters.
in such a way that the spatial resolution is less than the straw radius. For
the OT the conﬁguration follows the xuvx-topology, as for the IT, with two
stereo u/v-layers embraced by two x-layers.
2.5 Ring Imaging Cherenkov (RICH) Detector
RICH is an acronym for Ring Imaging Cherenkov detector. These detectors
are based on the known Cherenkov eﬀect that occurs when a high energy
charged particle traverses a dielectric medium with a velocity larger than the
velocity of light in that medium. When this happens, the particle induces
dipoles in the medium and a conical front of Cherenkov light is emitted.
The photons are collected in a spherical mirror with focal length f and fo-
cused onto a photon detector placed at the focal plane. The result is a circle
of radius r = f × θC independent on the emission point along the particle
track. Measuring the θC angle it is possible to obtain the velocity v = β × c
(β being the relativistic velocity fraction).
RICH detectors are used for particle identiﬁcation. In fact, combining the
independent measurements of the particle momentum from tracking detec-
tors and the velocity measurements from the RICH detectors, it is possible
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to extract the mass of the particle and hence its identity. In the LHCb exper-
Figure 2.12: Typical RICH2 event with the reconstructed rings superim-
posed.
iment, particle identiﬁcation is of vital importance in order to make precise
b-physics studies of channel which have the same topology but diﬀerent ﬁnal
states, as for instance the B → hh decays. It is also important for the B-
mesons same side ﬂavor tagging to ﬁnd kaons accompanying the B-mesons.
The LHCb experiment has chosen to have two RICH detectors, named
RICH1 and RICH2.
The RICH1 is placed between the VELO and the Trigger Tracker. It
is far enough from the Magnet to see straight tracks and close enough to
the VELO to see low momentum particles that may be swept out by the
magnet. It covers a polar angle from 25mrad to 330mrad. The RICH1 is
designed to provide particle identiﬁcation in the range 1GeV − 60GeV with
two Cherenkov radiators: C4F10 gas with n = 1.0015 for mid-momentum
tracks and a 5cm thick panel made of silica aerogel with n = 1.03 suitable
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Figure 2.13: Side view of the RICH1 detector.
for low-momentum particles. The RICH2 uses CF4 gas as a single radiator
with n = 1.0005 and provides particle identiﬁcation up to 150GeV . For both
detectors (RICH1 and RICH2) the light is focused onto the photon detec-
tor planes with tilted spherical mirrors and secondary plane mirrors. The
RICH1 spherical mirrors have a radius of curvature of 2.400m. Each of the
four mirrors can be individually adjusted in angle. The photon detection is
done by pixel hybrid photon detectors (HPDs), they provide good spatial
resolution and fast response time, and they are able to do single photon de-
tection.
In Figure 2.12 a typical RICH2 event, with reconstructed rings superim-
posed, is shown. The RICH1 dimensions are x = 3m, y = 2m, z = 1m and
the optics are arranged vertically at the top and at the bottom, Figure 2.13.
The RICH2 dimensions are x = 7m, y = 7m, z = 2m and its optics are
arranged horizontally on both sides of LHCb.
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2.6 Calorimeters
The purpose of the calorimeters is to identify electrons, photons and hadrons
and measure their energy. An incident particle interacting with the detec-
tor generates a shower, thus almost all the energy of the incident particle is
absorbed in the medium. Moreover, calorimeters are the only devices that
can record the energy of neutral hadrons and photons. Because of the fact
that the energy resolution varies with the law E−1/2, the precision is better
as the energy increases.
In LHCb, the calorimeters are used not only for electron, photon and hadron
identiﬁcation and energy measurement in the oﬀ-line analysis, but also for
various trigger algorithms. For this reason they must provide very fast en-
ergy signals.
The LHCb calorimeters are placed in the middle of the LHCb detector, down-
stream of the ﬁrst muon station (M1) and upstream of the second (M2).
There is an electromagnetic calorimeter (ECAL) followed by a hadron
calorimeter (HCAL). The most demanding requirement for the calorime-
ter is the electron L0 trigger: it requires a rejection of 99% of inelastic pp
interaction with an enrichment factor of at least 15 in B events. To reduce
the background due to charged pions a preshower is placed upstream of the
electromagnetic calorimeter, longitudinally segmenting the ECAL.
The background of the pi0 with large ET is rejected introducing a scintillator
pad detector (SPD) upstream of the PS. The main background at the L0
Trigger level is due to photon conversions in the detector material, which
cannot be rejected at this stage. Because of the fact that the background
increases rapidly at small angles, to avoid severe radiation damages and oc-
cupancy problems, there is a central hole of 30mrad in both directions and
in both the calorimeters. The outer limits are 300mrad horizontally and
250mrad vertically.
As the particle rate varies by two orders of magnitude over the calorimeter
surface it was natural to choose a variable lateral segmentation. For the SPD,
PS and ECAL a segmentation in three diﬀerent cell-size zones was chosen,
deﬁning the so called inner, middle and outer regions (Figure 2.14(a)). For
2.6 Calorimeters 67
HCAL two diﬀerent cell-size zones with diﬀerent granularity were deﬁned
(Figure 2.14(b)).
(a) ECAL, SPD, PS (b) HCAL
Figure 2.14: Schematic view of the transverse segmentation of the LHCb
calorimeter system. In Figure a) the SPD, PS and ECAL segmentation is
shown. In Figure b) the HCAL segmentation is shown.
2.6.1 Scintillator Pad Detector (SPD)
The SPD allows us to distinguish between charged and neutral particles.
It is particularly useful for e±/ pi0 and e±/γ shower separation. The SPD
consists of 15mm thick scintillator pads arranged in a matrix layer. A groove
in the scintillator holds helicoidal wavelength shift ﬁbers (WLS) to collect the
scintillator light which is sent to photomultipliers located above and below
the detector. About 25 photoelectrons are emitted in response to a MIP
(minimum ionizing particle).
This allows us a very clean separation between electrons and photons. The
discrimination is done by putting a threshold of 0.7 MIP energy within an
SPD cell.
2.6.2 Preshower (PS) Detector
The Preshower detector is speciﬁcally useful to distinguish charged pions
from electrons. It consists of a 12mm thick lead wall used as a converter
followed by a layer of scintillator pad tiles as in the SPD. Because of the
diﬀerence in the mean free path for electrons and pions in lead, the electrons
produce a shower which starts in the lead whereas the pions do not. A
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threshold within an SPD cell allows us the discrimination between showers
and MIPs.
2.6.3 Electomagnetic Calorimeter (ECAL)
The ECAL has to provide electron and photon identiﬁcation and their energy
measurement as well as pi0 identiﬁcation. To satisfy LHCb requirements and
to maintain a reasonable cost a Shashlik technology was chosen. With this
technology, a resolution of σ(E)E = 10%√E ⊕ 1.5% can be achieved. The ECAL
is made of a sampling structure of 2mm thick lead sheets interspersed with
4mm thick scintillator plates. The scintillator light is collected as in the
SPD and PS by the WLS ﬁbers. To have suﬃcient energy resolution for
high energy photons ECAL is 25X0 in depth.
2.6.4 Hadronic Calorimeter (HCAL)
The HCAL is 1.2m long, which corresponds at 5.6 interaction lengths. The
structure consists of iron/scintillating tiles. The readout is done with WLS
ﬁbers. The scintillator and iron plates are parallel to the beam. The sampling
structure is made of a 4mm scintillator thick and 16mm thick iron. The
energy resolution can be σ(E)E = 80%√E ⊕ 10% as conﬁrmed by a Test-beam
with pions.
2.7 Muon Detector
The aim of the muon detector is to provide muon identiﬁcation and fast Pt
measurement for the Level 0 trigger. Muon identiﬁcation is of key impor-
tance for LHCb. They are used, for instance, in same side tagging to identify
the B-meson ﬂavor. Moreover they are present in many rare decays and in
the J/ψ decay.
The muon detector has ﬁve stations, called M1-M5 and each station is di-
vided into four regions R1-R4 (Figure 2.15 ).
The M1 station is placed upstream of the SPD. The M2 station is posi-
tioned just after the HCAL. After each station except M1 a 80cm thick iron
ﬁlter is placed, in order to absorb other particles. Between M1 and M2 the
calorimeter also acts as an additional ﬁlter. The Muon detector consists of
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Figure 2.15: Schematic view of a quadrant of a muon station. The regions
R1-R4 are indicated. The units are centimeters.
1392 chambers and covers an area of 435m2, the acceptance is in the range
20mrad − 306mrad in the bending plane and 16mrad − 258mrad in the
non-bending plane. For all the chambers except for the ones placed in the
M1R1 region the technology chosen is the Multi Wire Proportional Chamber
(MWPC).
For the M1R1 region a triple-GEM technology, more radiation tolerant, was
chosen as it has to cope with higher ﬂuxes of particles. Since the L0 trigger
asks for a coincidence between the 5 stations, each station has to have a trig-
ger eﬃciency of at least 95% within a time window smaller than 25ns. This
is essential to unambiguously identify the bunch-crossing. In order to have
good time resolution, a fast gas mixture of Ar, CO2 and CF4, was chosen
and the chambers are composed of two or four OR-ed gas gaps.
70 The LHCb Experiment
The chambers M1-M3 are mainly used for track-ﬁnding and momentum com-
putation, while M4-M5 are used for particle identiﬁcation.
At the L0 Trigger level the muon detector provides 20% momentum resolu-
tion and a muon indentiﬁcation eﬃciency of 55%. This eﬃciency increases
up to 99% in the oﬀ-line analysis (with about 4% of pion misidentiﬁcation
probability).
2.8 Track Reconstruction
One of the most important features of the LHCb experiment is good tracking
performance, with high eﬃciency and very good momentum resolution. This
is necessary to obtain the required invariant mass resolution. For instance,
an invariant mass resolution of 18MeV in the Bs → µ+µ− channel allows us
to separate up to 3σ the signal from the misidentiﬁed background Bs,d → hh.
The tracking reconstruction algorithm combines the hits of the four tracking
detectors : VELO, TT, IT and OT. A reconstructed track consists of a state
Figure 2.16: A typical LHCb event. The reconstructed tracks are also shown.
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p ). The track recon-
struction algorithm starts with the search for track seeds in the VELO or
in the T-stations. As the magnetic ﬁeld in the VELO is negligible (Figure
2.5), the VELO seed search algorithm looks for straight lines. A T-seed is
instead parametrized as a parabola, due to the presence of a fringe magnetic
ﬁeld in the T-stations.
T-seeds provide also an initial momentum estimation either from the cur-
vature in the magnetic ﬁeld or assuming that the particle comes from the
interaction region, in the latter case a precision of up to 1% can be achieved.
Starting from these seeds, four kinds of tracks are classiﬁed as shown in
Figure 2.17: Schematic illustration of the diﬀerent types of tracks in the
LHCb detector. The illustration is in the bending plane and is not to scale.
The magnitude of the magnetic ﬁeld along the z-axis is also shown.
Figure 2.17.
Long Tracks are tracks that traverse all the tracking detectors from the
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VELO to the T-stations. These kinds of tracks are the most important con-
cerning B-physics studies. The long track algorithm tries to combine VELO
seeds with hits in the T-stations. When at least one hit in the T-stations is
combined with the VELO hits, a momentum measurement is provided and
hence a trajectory can be extrapolated. Hits in the other stations and in the
TT are looked for, around this trajectory. The eﬃciency of this procedure
is about 90%, an additional 5% can be obtain by reconstructing the tracks
starting from T-seeds and looking for hits in the VELO which match the
trajectory extrapolation.
Upstream Tracks traverse the VELO and the TT. Since the magnetic
ﬁeld between the VELO and the TT is low, they have a poor momentum
resolution. However these tracks traverse the RICH1 and therefore have
identiﬁcation information. These tracks are usually particles of low momen-
tum and are used both for understanding the background and for B-decay
reconstruction or tagging.
The reconstruction algorithm looks for hits in TTa which match with the
VELO seed. This trajectory deﬁnes the momentum of the particle. More-
over hits in TTb are required for conﬁrmation, to minimize the ghost rate.
Downstream Tracks come mainly from particles with long life time that
decay outside the VELO, such as K0S and Λ . They traverse only the TT
and the T-stations. The reconstruction algorithm looks for hits in the TTa
and TTb stations which match with the trajectory extrapolated with the
T-station momentum measurement.
What remains are T-tracks and VELO-tracks, which have not been asso-
ciated to other kind of tracks. VELO tracks are mainly backward tracks and
typically at large angle: they are used for Primary Vertex reconstruction.
After reconstruction all tracks are reﬁtted with a Kalman ﬁlter algorithm
and the vector states are updated.
A global χ2 of the track is stored as well as the pull-distributions of the
track parameters. A typical LHCb event is shown in Figure 2.16.
In Figure 2.18(a) the reconstruction eﬃciency as a function of the particle
momentum is shown. For long tracks of P > 10GeV/c, the reconstruction
eﬃciency is about 94%. The ghost rate for long tracks is shown in Figures
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(a) Reconstruction eﬃ-
ciency as a function of
momentum P (GeV/c).
(b) Ghost rate as a func-
tion of the momentum
P (GeV/c).
(c) Ghost rate as a function
of the transverse momentum
Pt(GeV/c).
Figure 2.18: Performance of the long track ﬁnding.
2.18(b) and 2.18(c). The two plots show that the ghost rate is higher at
low P and Pt. For particle with pT > 0.5GeV the ghost rate is about 3%.
The momentum resolution for long tracks is about 0.37% and is gaussian
distributed (Figure 2.19(a) , 2.19(b)). For downstream tracks, as these par-
(a) Momentum resolution as a
function of the particle momen-
tum. The average particle momen-
tum distribution is also shown on
the bottom.
(b) Momentum resolution with a
single Gaussian ﬁt.
Figure 2.19: Momentum resolution.
ticles traverse most of the magnetic ﬁeld, the resolution is still good, about
0.47%.
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The resolution is worse ( δpp ∼ 15%) for upstream tracks which see a very
small magnetic ﬁeld.
The impact parameter resolution for long tracks can be parametrized as :
σIP = 14µm + 35µm/pT (Figure 2.20(a)), with an average resolution of
< δIP >= 40µm.
(a) Impact Parameter resolution as






(b) Impact parameter precision.
Figure 2.20: Impact parameter resolution.
2.9 Particle Identiﬁcation
Particle identiﬁcation is a very important task for the LHCb experiment.
e±/h± identiﬁcation is mainly done with the electromagnetic calorimeter,
µ±/h± identiﬁcation with the muon detector and p±/pi±/K± identiﬁcation
with the RICH system. The neutral particles as pi0 and γ are mainly iden-
tiﬁed with the calorimeter system.
In this Section the diﬀerent particle identiﬁcation criteria will be discussed.
The purpose of the RICH system is to distinguish pi± from K± and p±.
A likelihood is built in as follows: the pattern of hits observed in the RICH is
compared with the pattern we would expect under a given set of hypotheses,
the likelihood is determined from this comparison. The diﬀerence between
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(a) DLL between the proton and
kaon hypotheses.
(b) DLL between the pion and
kaon hypotheses.
Figure 2.21:
the logarithm of the likelihood (DLL) for the diﬀerent hypotheses is used to













In Figure 2.21, the∆lnL for various particle hypotheses, using only RICH in-
formation is shown, while in Figure 2.22 the signiﬁcance Nσ =
√
2× | ∆lnL |
for pi −K separation is shown.
Particle identiﬁcation performance depends on the likelihood cut chosen in
the analysis. With default cuts, it is possible to achieve a kaon eﬃciency
of 88% with a pion misidentiﬁcation of 3% in the range 2GeV − 100GeV .
Figure 2.23 shows the eﬃciency and the misidentiﬁcation performance for
standard cuts in the DLL.
Muon identiﬁcation is provided by the muon detector, by extrapolating
tracks for which P > 3GeV/c in the muon stations and looking for muon
detector hits within the Field of Interest (FOI), around the trajectory. A
muon candidate is a track with a minimum number of muon hits within the
corresponding FOI. The FOIs are parametrized looking at the plots of the
variable (x(y)MC−x(y)hit)d , being d the pad size. Since the penetrating power
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Figure 2.22: pi−K separation as a function of the momentum for true pions.
The black line represents the average pi −K separation.
Table 2.3: Stations that must have hits within the relative FOI for the
selection of a muon candidate.
Momentum (GeV) Muon Stations
3<p<6 M2+M3
6<p<10 M2+M3+(M4 or M5)
p>10 M2+M3+M4+M5
of the muons increases with the energy, the minimum number of stations
required to have hits in their correspondent FOIs depends on the track mo-
mentum. This is summarized in Table 2.3 for diﬀerent muon momentum
ranges.
The muon identiﬁcation likelihood is based on the comparison of slopes in
the muon system and in the tracker (Figure 2.24(a)) and the average track-
hits distance of the hits within the FOIs (2.24(b)). The main background for
muon identiﬁcation consists of high energy pions. The DLL for muon and
pion is shown in Figure 2.25. For standard loose cuts an average eﬃciency
of about 95% and a misidentiﬁcation of pions of 3% is achieved within a
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Figure 2.23: Kaon identiﬁcation eﬃciency (red points) and pion misidentiﬁ-
cation rate (blue points).
momentum range 3GeV − 100GeV (Figure 2.26). However, as can be seen
in the following, using a tighter cut in the DLL(µ− pi) it is possible to have
a misidentiﬁcation of about 1% with an average eﬃciency higher than 90%
for muons of P > 3GeV/c .
The electron identiﬁcation is primarily done with the electromagnetic
calorimeter. The main background for electron identiﬁcation consists of
charged hadrons.
A global χ2 (χ2e) is constructed including the balance of track momentum
with the energy of the track cluster in ECAL and the matching of the shower
barycenter position with the extrapolated track trajectory (Figure 2.28(a)).
A second estimator consists of searching neutral clusters expected in well
known position due to the electron bremsstrahlung before the magnet. The
estimator χ2brem is shown in Figure 2.28(b) for electrons and hadrons.
This estimator is also used by the bremsstrahlung recovering algorithm. Pho-
tons radiated by electrons are searched according to the χ2brem. The electron
momentum before the bremsstrahlung is then recovered taking into account
the photon radiation (Figure 2.27(b)).
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(a) (b)
Figure 2.24: Variables used to build the muon identiﬁcation likelihood.
Other estimators are: the track energy deposition in the Preshower and
the deposition along the extrapolated trajectory in HCAL (Figure 2.28(c)
and 2.28(d)). A likelihood distribution is constructed combining these es-
timators. The DLL between the electron and pion hypotheses is shown in
Figure 2.29. With default cuts an average eﬃciency of about 95% and a pion
misidentiﬁcation of about 0.7% is reached (Figure 2.30).
A global likelihood for charged particles is obtained combining the various
detector information as follows:
L(e) = LRICH(e)LCALO(e)LMUON (non µ) (2.5)
L(µ) = LRICH(µ)LCALO(non e)LMUON (µ) (2.6)
L(h) = LRICH(h)LCALO(non e)LMUON (non µ). (2.7)
The photons are identiﬁed as neutral clusters in the electromagnetic
calorimeter. ECAL clusters are reconstructed and matched with all the re-
constructed tracks. A χ2γ is built extrapolating the trajectory to ECAL and
matching the track impact point with the cluster barycenter. The minimal
value of the χ2γ is used as an estimator, as shown in Figure 2.31.
Photons converted after the magnet can be identiﬁed requiring that there
are no hits in the SPD. Using these identiﬁcation criteria, in the B0 → K∗γ
analysis, a purity of 90% for non converted photons and of 79% for converted
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Figure 2.25: DLL(µ− pi) for true muons a) and true pions b).
photons is achieved. The sample purity can be increased by putting a cut in
the energy deposition in the PS.
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Figure 2.26: Muon identiﬁcation eﬃciency (open points) and pion misiden-
tiﬁcation rate (black points) as a function of momentum.
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(a) Ratio of the uncorrected energy
of the charged clusters in ECAL to
the momentum reconstructed track for
hadrons (shaded histogram) and for
electrons (open histogram).
(b) Schematic illustration of the Bremsstrahlung cor-
rection. The electrons passing through the material
of the detector can radiate photons. If they radiates
before the magnet a deﬁned amount of energy E1 such
that E0 = E1+E2, is seen in ECAL. For the electron
identiﬁcation we have E2 = P .
Figure 2.27:
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(a) The χ2e estimator of the match-
ing of reconstructed tracks and
charged cluster in ECAL.
(b) The value of the χ2brem estima-
tor.
(c) The energy deposition in the
preshower.
(d) The energy deposition along the
extrapolated particle trajectory in
HCAL.
Figure 2.28: Electron identiﬁcation estimators.
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Figure 2.29: DLL between the electron and pion hypotheses for true elec-
trons a) and true pions b).
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Figure 2.30: Electron identiﬁcation eﬃciency and pion misidentiﬁcation rate
as a function of momentum. The plots are given for standard loose cuts.
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Figure 2.31: Value of the minimum of the χ2γ estimator.
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2.10 Trigger
The task of the trigger system is to select interesting events in the pp interac-
tions reducing the event rate to a sensible acquisition frequency. It is a very
important component of the LHCb experiment. The LHC bunch crossing
frequency is 40MHz, however due to the LHC bunch structure, at the LHCb
interaction point, the visible crossing frequency is reduced to 10MHz. This
frequency is still to high to allow us to record such an amount of data on
tape. Moreover most of the events are not interesting for B-physics studies.
At the luminosity of L = 2 × 1032cm−2s−1 the rate of events with bb pairs
is about 100kHz and only a small fraction of these events have the decay
products in the LHCb acceptance, reducing the visible rate to a few kHz.
The trigger must reject the background and enhance the signal with very fast
algorithms. The LHCb trigger system is divided into two levels: L0 with an
output rate of 1MHz and the HLT with an output rate of 2kHz (Figure 2.32)
2.10.1 L0 Trigger
The L0 trigger is a hardware trigger, implemented with custom electronics
with 1MHz output rate. It uses the fact that B-mesons decay into particles
with high transverse momentum. The latency of the L0 trigger is 4.2µs. It
involves four subsystems: the pile-up, the calorimeter, the muon system and
the global decision unit (L0DU) which provides the ﬁnal decision.
The purpose of the pile-up system is to veto events with multiple interactions.
However, the dimuon trigger overrules the pile-up veto.
The purpose of the calorimeter trigger is to identify events with electrons,
photons or hadrons of high transverse energy. There is a veto in the event,
if the total transverse energy is less than 5.0GeV. The event is also vetoed
if the SPD multiplicity is higher than 280. The ET threshold is 2.6GeV for
e±, 2.3GeV for γs, 3.5GeV for charged hadrons and 4.0GeV for pi0s.
The muon trigger accepts the event if there is a single muon of Pt > 1.3GeV
or if the sum of the two largest Pt muons is higher than 1.5GeV. All the L0
trigger information is combined by the L0DU and the event is accepted or
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Figure 2.32: Schematic illustration of the LHCb trigger system.
rejected according to the above criteria.
2.10.2 High Level Trigger (HLT)
The HLT consists of a C++ application that will run over a CPU farm with
about 2000 nodes. Even though the HLT application has access to all the
data, because of the limited CPU power, it must reject the bulk of the events
with only part of the available information. For this purpose a careful design
of the so called alleys has been studied. The alleys' task is to reﬁne and
conﬁrm L0 decision. Most of the events are selected by only one L0 trigger
channel and consequently they pass through only one alley.
However there are events (about 15%) which are selected by multiple triggers
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and which pass through more than one alley. For these events care was taken
to avoid the reconstruction of the tracks or of the primary vertex twice. The
alleys operate independently and when an event is selected at least by one
alley it is processed by the inclusive and exclusive trigger.
In Figure 2.33 the ﬂow diagrams of the diﬀerent trigger sequences is shown.
The ﬂow diagram of a single HLT alley is shown in Figure 2.34. Each alley
Figure 2.33: Schematic illustration of the ﬂow diagram of the Alley structure
in the HLT.
starts with the L0 conﬁrmation with improved resolution, using at least one
tracking sub-detector. If the L0 conﬁrmation is passed, additional B-decay
track candidates are reconstructed.
For high Pt muons, selected using M2-M5 stations, a fast 3D reconstruc-
tion is performed using also T1-T3 stations and a resolution of δpp ∼ 6% is
achieved.
In the other alleys, a search in the T1-T3 tracking system cannot be done
because it is too time consuming and the track reconstruction precision is
δp
p ∼ 20% − 40%. At pre-trigger level1 the rate is suﬃciently reduced to
use T1-T3 information, the tracking reconstruction precision at this level is
about δpp ∼ 1%. In the alley trigger long tracks are used and impact pa-
rameter information added. Each alley ends with a summary in which all
1The pre-trigger is a particular stage within each alley, see Figure 2.34.
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Figure 2.34: Schematic illustration of the ﬂow diagram of a single HLT alley.
vertexes and track information, which could have triggered the event, are
stored.
After the alleys' selection the rate is about 10kHz. At this stage the all
remaining 2D long tracks 2 are reconstructed and invariant mass cuts and
precise pointing cuts are applied. The tracks are combined to reconstruct
composite particles likeK∗, Φ, D0, Ds and J/ψ. The exclusive trigger has an
output rate of about 200Hz. In the exclusive trigger diﬀerent pre-selections
are used to store various signals, side-bands and control channels (Figure
2.35).
The remaining 1.8kHz of data are divided into three streams: dimuon stream
2At this stage the tracks are reconstructed using only the VELO R-Sensor. This is
due to the fact that the b-hadrons move predominantly along the beam axis. Therefore
the impact parameter projection is large in the plane deﬁned by the beam axis and the
track, while in the perpendicular plane the secondary tracks are almost indistinguishable
by tracks directly coming from the PV.
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(600Hz), D∗ candidates (300Hz) and b-inclusive (900Hz). The dimuon
stream selects muon pairs with an invariant mass above 2.5GeV. This will
be useful for studies on the systematic uncertainty in lifetime measurements.
The D∗ stream is useful for particle identiﬁcation eﬃciency and misidenti-
ﬁcation studies, but can also be useful for CP violation measurements in
charm physics.
The b-inclusive stream selects muons with high Pt and impact parameter,
this stream can be used to study the trigger eﬃciency and data mining 3.
Figure 2.35: Simpliﬁed data ﬂow in the HLT. Each Grey box is a set of
algorithms.
2.11 The LHCb software
With the increasing complexity of the high energy physics experiments, the
construction of the detector needs many years of research and development.
Moreover the software systems have to process a very large amount of data.
The study of the MonteCarlo (MC) simulation of physics and detector re-
sponse is very important to understand the real data analysis, in particular
3At time of writing the HLT design was still not complete, this description must be
thought as a general description, some details are still under discussion.
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to test performance and robustness of hardware and software.
The LHCb software is written in Object Oriented (OO) language. This
choice is motivated by the fact that OO languages are suitable when the
software has a high level of complexity and when it must be developed by
many physicists and must be high scalable. The LHCb software must be
ﬂexible and scalable to ﬁt the experiment characteristics for a running pe-
riod of 10-20 years. The main application is the framework GAUDI which is
written in C++ language. Its purpose is to provide speciﬁc components for
the interaction of the various tools and algorithms.
All the Gaudi classes are derived either from the Algorithm class or from
the DataObject class4. The purpose of the Algorithm class is to manipulate
data which interact with other speciﬁc Algorithms.
In the following, the main parts of the LHCb simulation software are dis-
cussed. In addition to the LHCb software packages the software ROOT and
in particular the application TMVA (Toolkit for the Multivariate Analysis
[62]) have been used in this thesis work.
2.11.1 Gauss
The Gauss package is a software devoted to physics simulation of proton-
proton interactions, particle decays and interactions of stable particles with
the diﬀerent parts of the detector. This software is divided into two main
phases: the generation and the simulation.
In the generation phase the proton-proton interaction and the unstable par-
ticle decays are simulated. Two main programs are used for this purpose:
Pythia and EvtGen (originally developed by the BABAR collaboration).
Pythia provides the description of the p−p interaction and of the hadroniza-
tion process. The heavy particle decays (including b-hadrons) are simulated
by the EvtGen package. Within the EvtGen package there are many decay
models written in the helicity amplitude formalism. Among these models
there is the phase space model (psp) which takes into account just the phase
space of the products for the computation of the kinematical variable distri-
4Among the base classes there is also the Converter class which is mainly inserted for
technical reasons.
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butions of the out-coming particles in the b-hadron rest frame. The daughter
particles are then boosted in the lab frame. In this method no resonant struc-
ture in the decay is considered. In particular this is used for the Bs,d → l+l−
decays.
The interaction of stable particles with the detector is simulated with the
GEANT 4 package. The detector description is very accurate and was up-
dated between the 2004 and 2006. For this reasons, in this study, two diﬀer-
ent data challenges known as DC04 and DC06, were used.
2.11.2 Boole
The output of the Gauss software consists of GEANT hits, which are the
result of the interaction of the particles with the detector. This information
is then processed by the Boole package. The purpose of this package is the
simulation of the digitization procedure. This is the ﬁnal step of the LHCb
detector simulation.
The Boole software describes the readout electronics response to the particle
interactions. Several detector eﬀects like the spill-over eﬀect, electronic noise
and the LHC background are included in the simulation. In addition, the
Boole software simulates the response of the L0 Trigger.
2.11.3 Brunel
The Brunel package is devoted to the reconstruction of LHCb events. It
takes the Boole output as an input. Brunel provides track ﬁnding and ﬁt-
ting as described above. All the information of the tracking and identiﬁ-
cation detectors are combined to create proto-particles. A proto-particle is
an object which contains all particle information: the particle trajectory, the
momentum and the value of the identiﬁcation likelihood for diﬀerent particle
hypotheses.
2.11.4 DaVinci
The main analysis software package is called DaVinci. Within DaVinci,
particle objects are built from proto-particles, applying identiﬁcation cuts.
The DaVinci package provides several methods for event selection. Within
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the DaVinci package there are two main objects: the MC truth and the
reconstructed data. The reconstructed data are similar to what we would
expect to have in the experiment. However, at this stage of the analysis, it
is very interesting to verify the matching of the reconstructed particles with
the MC truth, which can be done with various methods, as shown in Figure
2.36.
Figure 2.36: MC truth relation with the reconstructed data objects.
2.12 Other software
In addition to the LHCb software, other packages were used in this work.
The ROOT software is a package developed at CERN for physics data anal-
ysis [66]. It is an object-oriented framework which provides various methods
and tools for physics analysis.
The package TMVA is a toolkit for multivariate analysis. All the methods
described in chapter 3, except for the PCA method, are present in this pack-
age.
Rooﬁt is a software that was originally developed by the BABAR collabora-
tion and it provides a toolkit for modeling expected distributions, for doing
likelihood ﬁts and for generating Toy Monte Carlo experiments when the
variable distributions are given. This software was used in [69] to study the
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asymmetries in the B0d → K∗0µ+µ− channel (see section 6.1).
2.13 Main physics goals of the LHCb experiment
The main goals of the LHCb experiment will be measurements of CP viola-
tion and rare decays.
Rare decays physics is extensively discussed in the context of this thesis.
Concerning CP violation measurements, the main targets of the LHCb ex-
periment are the measurement of the angles of the unitarity triangles γ and
φs.
The angle γ, which is involved in b → u transitions, can be measured from
the time dependent CP asymmetry of the channel B0s → DsK and the
B0d → D0K decays. These channels can receive diﬀerent contributions from
NP. The LHCb experiment can do precise measurements of γ with a statis-
tical uncertainty of about 5 degrees in 2fb−1 of integrated luminosity.
One of the most interesting CP-violating observable concerning the search of
NP is the weak phase φs. The SM prediction of this quantity is φs ' −0.04,
however this value can be largely enhanced by NP contributions. The most
sensitive channel to this measurement is the B0s → J/ψφ decay. With a time





Usually event selection is done using rectangular cuts with respect to geo-
metrical and kinematical variables. However, even if this method it is the
most intuitive and simple, it doesn't use all the information embedded in the
data.
Moreover, it doesn't consider the correlation between the variables. In par-
ticular, in very rare decays we are interested in the branching ratio measure-
ment. For such measurements it is very important to have high sensitivity
but in general we don't care about possible biases in the variable distribu-
tions. In the following the multidimensional methods used in this thesis are
brieﬂy described. All these method, except the PCA method (Section 3.4)
were present in the package TMVA.
3.2 Likelihood
Assuming that the variables xi, used for signal selection, are independent





where p(xki) is the probability for the variable xi to have the value xki.
The likelihood function of Eq.3.1 has a simple interpretation: it is the proba-
bility for a given set of data xik to be measured in the experiment, when the
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pi(x) probability function is assumed. Since the maximum of a function cor-
responds to the maximum of the logarithm of that function, it is much more






The likelihood method can be used for parameter estimation. When a known
theory with some free parameters is given, the maximum of the LL corre-
sponds to the best estimation of the set of parameters.
When doing event selection we have to distinguish between two hypotheses:
the signal hypothesis and the background hypothesis. In this case we have
to compare the two functions Lsignal and Lbackground computed using the
variable probability distribution for signal and background.
For this purpose the diﬀerence in the logarithm of the likelihood (DLL) is
often used. However, in the signal selection, it is more convenient to use the





The background is therefore peaked at R = 0 and the signal at R = 1.
Moreover, in very rare decay selections, the maximum sensitivity is usually
achieved for low signal eﬃciency and high purity (i.e. high background
rejection). For this reason the inverse sigmoid transformation of the variable











where τ is a scale factor and R is the ratio computed as in Eq. 3.3. The
transformation 3.4 has the advantage that the high and low eﬃciency regions
are magniﬁed. The result of the transformation is shown in Figures 3.1(a)-
3.1(b).
3.3 Decorrelated Likelihood
In 3.1 it is implicitly assumed that the variables are independent and there-
fore the total probability is given by the product of the single variable distri-
3.3 Decorrelated Likelihood 97
(a) Typical likelihood ratio distri-
bution.
(b) Likelihood ratio distribution af-
ter an inverse sigmoid transforma-
tion.
Figure 3.1: An example of likelihood ratio distribution before (a) and after
(b) an inverse sigmoid transformation is shown. The background (black
histogram) are bb→ e±µ∓ events, the signal (red histogram) are B0s → e+µ−
events.
butions, for all the variables. However, the correlation between the variables
can be seldom neglected and so we pay a price in performance of the likeli-
hood method.
In the hypothesis that the variables are linearly correlated it is possible to
decorrelate the variables using the covariance matrix.






(xik − xi)(xjk − xj), (3.5)
where xi is the mean of the i − th variable, yi being a new set of variables
such that:
y = C−1x, (3.6)
where C a symmetric real matrix such that
CC† = CC = Σ, (3.7)
ee have:
x†Σ−1x = y†C†Σ−1Cy = y†y. (3.8)
The set of variables y is therefore a set of decorrelated variables.
However this linear decorrelation process is valid only for linearly correlated
98 Statistical tools
and Gaussian distributed variables.
3.4 Projection and Correlation approximation
(PCA)
The Projection and correlation approximation is described in [58]. Denoting
with xi the n-dimensional vector of the variables, in general these variables
are not Gaussian distributed.
yi being a set of variables obtained as follows:
yi =
√
2erf−1(2F (xi)− 1), (3.9)
where erf−1 is the inverse error function and the F is the cumulative dis-
tribution. The variables yi are Gaussian distributed with respect to the
projection planes. Assuming that the n-dimensional distribution of yi is an
n-dimensional Gaussian distribution we have:
P (x) =
1




















(2pi)n/2 | Σ | e 12y†(Σ−1−I)y∏ni=1 e− 12y2i . (3.11)







































Inserting 3.12 in 3.11 we obtain 3.10. Under this approximation we can use
the probability ratio deﬁned in the following Eq. 3.13, to separate signal and






The assumption that the P (x) distribution of Equation 3.10 is an n-
dimensional Gaussian distribution is not quite true. In fact, with this
method, it is only guaranteed that the yi projections are Gaussian distri-
butions. However in many cases this approximation is good enough, but its
validity should be controlled with a χ2 test.
3.5 Artiﬁcial neural network (ANN)
Neural Networks are used in several branches of science. In physics the ANN
are mainly used for classiﬁcation tasks. The ANN purpose is to simulate




In practice, the ANN is a set of interconnected neurons. Each neuron gives
a certain response to a given signal in input. The neurons can be arranged
into layers as in Figure 3.2, where an input layer which corresponds to the
input variables, a hidden layer and an output layer can be recognized. The
neurons are connected by links called synapses (in analogy with the human
brain). Each neuron receives some input from all the other neurons of the
previous layer and the synapses connect this neuron with all the neurons of
the next layer. The response function consists of a synapse k : <n → <
function and a α : < → < activation function.
The k function and the α function can have the following forms:











j=1 | yiωij |
(3.14)
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where yi is the input of the previous layer as in Figure 3.2, the quantities
ωij are the weights associated with the incoming connection and bj are the
biases.
The ANN used in this study consists of n input neurons which corresponds
to the input variables, a single hidden layer and an output neuron. In the
training procedure the weights are arranged to give the expected output (see
section 3.8), 1 for the signal and 0 for the background.
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When the network is properly trained, it can give an eﬃcient response also
to a statistically independent testing sample.
3.6 Boosted decision trees (BDT)
A decision tree is a method very similar to rectangular cuts. It consists of a
sequence of binary decisions using a single variable at a time until a stop cri-
terion is reached. In this way regions of signal and background are selected.
A simpliﬁed scheme is presented in Figure 3.3.
The advantage of a decision tree, with respect to the standard rectangu-
Figure 3.3: Schematic illustration of a decision tree.
lar cuts, is that this method allows us to select disconnected regions in the
parameter space. In the boosting of decision trees, several decision trees are
built from the same training sample by re-weighting the events.




The Fisher linear discriminant is a criterium able to choose a linear combina-
tion of the input variables that can be used for signal-background separation.
It is described in [65].
The method consists of the choice of a particular axis in the iper-space of








The diﬀerence between the mean of signal and background and the stan-
dard deviation with respect to the new axis are respectively given by the

















The coeﬃcients in 3.16 are chosen to maximize the signiﬁcance of the dif-
ference between the two categories of events: D2S . It can be shown that the
solution is given by the coeﬃcients −→λ such that the relation 3.19 is satisﬁed.
S
−→
λ = −→d . (3.19)
It is easy to show that the Fisher discriminant can exactly eliminate linear
correlation in the input variables.
3.8 Training methods and the overtraining problem
Each multidimensional method needs at least two diﬀerent data samples:
a training sample for the parameter settings and a testing sample for the
method performance evaluation.
The training phase is diﬀerent for the diﬀerent methods. In the likelihood
and PCA methods the training sample is used for the construction of the
probability density functions (pdfs) of the variables.
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In the decorrelated likelihood method the training sample is used, in addi-
tion, for the construction of the decorrelation matrix.
Concerning ANN, there are several training methods. We have used the
back-propagation method in which the output for each event is compared
with the expected output and an error function is built. The weights are
then adjusted to minimize the output error function.
In the Fisher discriminant method the training sample is used to extract the
coeﬃcients for building the Fisher function.
Finally in boosted decision trees the set of cuts that give the best signal-
background separation are chosen with the training sample.
Testing is usually done with a statistically independent sample, called the
testing sample.
The discrepancy between the performance in the training and testing sam-
ples is called over-training. In methods with few parameters, like the PCA
or the decorrelated likelihood, the over-training is due to lack of statistics
in the training sample. In methods with many degrees of freedom, like the
ANN or the BDT, the training procedure is iterative, after a certain number
of iterations, the performance improves with respect to the training sample
and worsens with respect to a statistically independent sample. In non lin-
ear methods with many degrees of freedom, to avoid as much as possible
the over-training, three statistically independent data sample are commonly
used. The ﬁrst sample is used for training, the second for the optimization of
the training procedure, i.e. to choose the optimal point to stop the training,
and a third sample is used for testing.
In this study two statistically independent samples for training and testing
are always used. The over-training is then measured as the diﬀerence in
performance between the two samples.
Even if over-training is a typical problem of multivariate methods, standard
rectangular cuts can also be aﬀected by it. In fact choosing the cut values
in the training sample, it does not guarantee that you will have the same
performance in a statistically independent sample.
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3.9 The Punzi estimator
The optimization of the selection cuts is a complex problem. In general
optimization depends on what we want to measure. In this study we are
interested in optimizing the cuts for the search of NP.
The optimization of the experiment parameters for the search of new phe-
nomena is a very common problem in physics. The cuts are usually chosen
to maximize the signiﬁcance with respect to the quantity we are interested
in, i.e. branching ratio measurements.
However, several diﬀerent deﬁnitions of signiﬁcance can be found in litera-







where S and B indicate the number of signal and background events respec-
tively. Even if these quantities are often used to evaluated the signiﬁcance,
in [59] it was shown that both of them have problems when the experiment
is designed for new phenomena searches.
The deﬁnition 3.20 has the problem that, being not linear in S, it is neces-
sary to know the S value to maximize the sensitivity. However the signal
level often depends on unknown parameters and sometimes we would like to
carry out a blind analysis optimizing the cuts before the measurement.
The deﬁnition 3.21 is linear on S. However, it has the unwanted property
that the deﬁnition breaks down at low values of B. For instance using the
deﬁnition 3.21 we would prefer a situation in which S = 0.1 and B = 10−6
than a situation in which S = 10 and B = 1.
In [59] it was proposed a sensitivity deﬁnition which is well behaved for
low value of B and is independent on the quantity S. The Punzi criterium
states that maximum sensitivity is obtained at the smallest cross-section
measurable by the experiment. H0 being the hypothesis that no signal is
present and Hm the hypothesis that there is some signal, there is a minimum
number of events nmin for which we would claim a discovery for the signal.
The two hypotheses H0 and Hm, in general predict diﬀerent probabilities
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for the occurrence of nmin. In particular nmin is distant a and b standard
deviations from the hypotheses H0 and Hm respectively. Assuming that the
two Poissonian distributions H0 and Hm can be approximate with Gaussian
distributions it can be shown that the maximum sensitivity is obtained for


















The Punzi criterium also can be applied when the maximization involves
more than one parameter. In this case we have a set of observables X. The
set of values of the X variables for which the H0 hypothesis is rejected with a
certain conﬁdence level α, is called critical region. 1−βα(m) being the power
of the test, i.e. the probability that X will fall in the critical region assuming
Hm. The sensitivity can be deﬁned as: the region of the parameters m for
which the power of the test chosen is greater or equal to the conﬁdence Level
for the limits in case of non discovery: 1− βα(m) > CL. This deﬁnition is
very general and can be applied to many physical problems.
In this thesis the choice of the optimal point for the cut on the multivariate
output variable is done according with this criterium, using Eq. 3.23. It
was also veriﬁed that this was the point with maximum sensitivity with the




4.1 Signal and Background
For this study the signal sample consists of the decays B0s,d → e±µ∓, however
for simplicity only the B0s → e±µ∓ sample was generated assuming the
eﬃciency to be the same for both the signal samples.
This decay was generated with the EvtGen package using the psp method. To
simulate the physics process and the detector response the packages Gauss
v15r19 and Boole v6r5 were used. The reconstruction was done with the
software Brunel v24r5 and for the analysis the package DaVinci v12r181
was used. The signal invariant mass distribution is shown in Figure 4.1.
For the momentum measurement, the bremsstrahlung recovering algorithm
described in Section 2.9, was applied. A comparison between the signal
invariant mass, obtained using the bremsstrahlung recovering algorithm and
obtained without using it, is shown in Figure 4.2.
The main background is expected to come from bb→ e±µ∓ events, which
consists of an electron and a muon of opposite charges directly coming from
the two b-hadrons, which decay semileptonically. This hypothesis was veri-
ﬁed a posteriori (see Section 4.5). A large sample of these events was gen-
erated and analyzed. Moreover, this sample allowed also the evaluation of
other potential sources of background taking into account the proper scale
factors.
1At the time of the note of [5] the package DaVinci v12r17 was used, but this version
was dismissed. The analysis was redone with the DaVinci v12r18 and was veriﬁed the
agreement of the two software versions.
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Figure 4.1: Invariant mass distribution for the B0s → e±µ∓ channel.
-Events with one lepton coming from a b-hadron decaying semi-leptonically
and the other lepton coming from a particle which doesn't come from a b-
hadron decay chain, possibly also with misidentiﬁcation.
-Events with both leptons coming from the same b-hadron decay chain, when
the b-hadron decays with a double semi-leptonic decay.
-Events with both leptons coming from particles which come from the pri-
mary vertex, possibly with misidentiﬁcation.
A more detailed discussion about these sources of background can be found
in Section 4.5. In addition to these sources of background, some spe-
ciﬁc background samples not present in the bb → e±µ sample, were gen-




+(−),K+(−), p+(−). These decays have the same topology as the
signal and can be distinguished only with the invariant mass and using par-
ticle identiﬁcation cuts.
Another potentially dangerous source of background is the sample B+ →
J/ψK+ with the kaon misidentiﬁed as an electron or a muon and the J/ψ
decaying into two leptons. Finally the possible background due to the
Bc → J/ψµν sample with the J/ψ decaying into two electrons was ana-
lyzed. In Table 4.1 all the events analyzed for this study are listed.
The background due to the Drell Yan process and due to leptonic and
semileptonic decays of the Z0 and W± bosons is considered negligible be-
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Figure 4.2: Invariant mass distribution for the B0s → e±µ∓ channel with (red
histogram) and without (blue histogram) the bremsstrahlung correction.
cause of the small cross section. Moreover, the background of leptons coming
from the PV is highly suppressed because of the cut on the impact parameter
at the trigger level.
Concerning the background due to cc events, it was not studied in detail.
However, it is expected to be less relevant than the background due to bb
events. In Figure 4.3 the transverse momentum and the invariant mass dis-
tributions for cc → µ+e− and for bb → µ+e− events are shown. Cutting at
PT > 1200MeV and at Mass(µ, e) > 4000MeV we expect the cc events to
be about 14 of the bb events (properly taking into account the cross sections).
This is in agreement with [70], in which it was found that after the L0 and
HLT single muon trigger 90% of the events contain b or c quarks, out of
which 78% are bb events.
This study was originally done with the DC04 detector description. The
new sample generation with the DC06 detector description has not been
ﬁnished yet. However the trigger study discussed in Section 4.6 and the pre-
selection cuts discussed in the next section were optimized on DC06 data
samples which are expected to be more similar to real data.
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(a) PT (MeV) (b) Invariant Mass (MeV)
Figure 4.3: Comparison between the PT and the invariant mass distributions
for cc→ µ+e− events (red lines) and bb→ µ+e− events (blue lines).
Table 4.1: Branching fractions, expected number of events in 1fb−1 at LHCb
within the detector acceptance, number of analyzed events, equivalent inte-
grated luminosity.
Channel Branching ratio events in 1fb−1 Analyzed events L (pb−1)
B0d 6.8 · 1010
B0s 1.73 · 109
bb→ e−µ+ 1.1 · 10−2 6.8 · 1010 5M 2.1
bb→ e+µ− 1.1 · 10−2 6.8 · 1010 5M 2.1
B0d → pi+pi− 5.2 · 10−6 3.5 · 105 40k 113
B0d → K+pi− 2 · 10−5 1.4 · 106 8k 5.8
B0s → K+K− 2.5 · 10−5 4.3 · 105 8k 18
Λb → ppi− 2.1 · 10−5 1.3 · 106 8k 5.9
Λb → pK− 7.8 · 10−5 3.6 · 106 8k 2
Bc → J/ψµν 2 · 10−5 2 · 106 101k 48
B+ → J/ψK+ 1 · 10−3 9.7 · 104 200k 1023
B0s → e±µ∓ 102k
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Table 4.2: DC04 soft-preselection cuts.
particle variable cut value
e DLL > −5
µ DLL > −15
e, µ Pt > 1GeV/c
e, µ Vertex χ2 < 49





e, µ Invariant Mass > 4.0GeV/c2 , < 7.0GeV/c2
B0s Angle(
−→
P ,−→r Bs −−→r PV ) < 10mrad
Table 4.3: DC06 soft-preselection and hard-preselection cuts. The soft cuts
are used for the HLT exclusive selection, the hard cuts for the signal prese-
lection before to apply the multivariate methods.
Variable soft-preselection cut hard-preselection cut
Vertex χ2 < 14 < 10
Angle(−→p B,−→r BV −−→r PV ) < 32mrad 10mrad
IPB0s/σIP < 6 < 6
| m(eµ)−mB0s | < 1GeV < 1GeV
4.2 Preselection
A soft set of preselection cuts was studied, which can be used for the HLT
exclusive selection. At the time of note [5] a preselection with the DC04
data was studied. The cuts used are listed in Table 4.2.
However, with the DC06 data a new preselection was studied. The only
requirement was to have a rejection of at least 10−3 on the bb inclusive
sample 2. The soft preselection cuts are listed in Table 4.3. These cuts
are the χ2 of the ﬁt of the vertex between the two leptons, the signiﬁcance
of the impact parameter of the reconstructed B0s meson with respect to the
reconstructed primary vertex, the pointing angle, which is the angle between
the direction from the primary vertex to the secondary B0s decay vertex and
the B0s momentum and ﬁnally the diﬀerence between the invariant mass of
the lepton pair and the invariant mass of the B0s meson. In events with more
2Notice that at the moment of writing the HLT is still under development so it is
possible that more requirements would be added in the future.
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than one primary vertex, it was chosen the one associated with the smallest
impact parameter signiﬁcance (sIPS) of the B0s . With these cuts a rejection
of 2 · 10−4 in the inclusive bb sample was achieved.
The ﬁnal analysis was done comparing various multidimensional methods.
For some variables with high discriminating power we found that optimal
performance could be achieved when a cut was directly applied. For this
reason a preselection with harder cuts on the χ2 of the ﬁt of the vertex
between the two leptons and on the pointing angle was applied (Table 4.3).
These two variables are shown in Figure 4.4.
In the preselection, the standard loose particle identiﬁcation cut was applied.
(a) Pointing angle (mrad). (b) χ2 of the two leptons.
Figure 4.4: Additional variables used in the hard-preselection. The black
histograms are signal events and the red histograms bb→ e±µ∓events.
This corresponds to DLL(µ− pi) > −10 and DLL(e− pi) > −2 3. In Figure
4.5, the eﬃciency and misidentiﬁcation probability, for charged hadrons, as
a function of the DLL are shown.
4.3 Choice of selection variables
For the ﬁnal selection various multidimensional methods were compared.
All these methods are constructed combining the information of the ﬁve
3With the DC06 data the standard loose muons are identiﬁed by the value 1 of the
variable IsMuon. This variable assumes the value 1 when there are hits in each stations
of the muon detector matched with a track without any other cut in the DLL(µ− pi).
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(a) Eﬃciency versusDLL(e−pi) for
true electrons.
(b) Eﬃciency versus DLL(µ − pi)
for true muons.
(c) Eﬃciency versus DLL(e−pi) for
charged pions (black line), charged
kaons (blue line) and protons (red
line)
(d) Eﬃciency versus DLL(µ − pi)
for charged pions (black line),
charged kaons (blue line) and pro-
tons (red line
Figure 4.5: Eﬃciency as a function of the DLL(µ− pi) and DLL(e− pi) for
leptons and charged hadrons.
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variables listed below. Because the main background is assumed to be the
bb → e±µ∓, the selection was optimized to reject this kind of background.
The term background will be used to indicate the bb → e±µ∓ sample when
it is not explicitly indicated otherwise. A schematic illustration of signal and
background topology is shown in Figure 4.11. The selection variables will be
brieﬂy described in the following.
-B0s transverse momentum: Pt(B0s ).
The transverse momentum of the reconstructed B-hadron is expected to be
higher for the signal than for the background. The distributions are shown
in Figure 4.6.
Figure 4.6: Transverse momentum of the B0s for the signal (black histogram)
and for the bb→ e±µ∓ background (red histogram).
-Impact parameter signiﬁcance of the B0s : IPB0s/σIP .
The signiﬁcance of the impact parameter of the reconstructed B0s meson
with respect to the primary vertex is expected to be peaked at low value for
the signal as the B0s meson really comes from the primary vertex. For the
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background the vertex is an accidental crossing between two charged tracks.
The IPB0s/σIP is therefore expected almost ﬂat for the background. These
distributions are shown in Figure 4.7.
Figure 4.7: Impact parameter signiﬁcance for the signal (black histogram)
and for the bb→ e±µ∓ background (red histogram).
-Angular distance between the two leptons: ∆R =
√
∆φ2 +∆η2 .
This variable is essentially the Lorentz invariant angular distance between
the two leptons. The distributions for the signal and background is shown
in Figure 4.8. It can be seen that this variable is larger for the background
than for the signal.
-Flight distance signiﬁcance: FS = rB−−→r PVσ . This variable is the
ﬂight distance signiﬁcance of the B0s meson. The FS variable is expected
to be smaller (on average) for the background than for the signal. This is
due to the fact that this variable is proportional to the lifetime which is an
exponential distribution. The ﬂight distance (FD) probability distribution
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Figure 4.8: ∆R(e, µ) for the signal (black histogram) and for the bb→ e±µ∓
background (red histogram).
for the fake B0s meson in the background, is approximately given by the
square of its probability distribution for the signal, integrating over FD.
Therefore an average smaller FS for the background is expected. The FS
distribution for signal and background is shown in 4.9.







This variable takes into account the isolation of the two leptons, weighting
it with the momentum of the reconstructed B0s meson.
The sum in the formula of the isolation runs over the transverse momentum
of all the particles that have a distance of minimum approach with respect to
one of the two leptons smaller than 3σ. σ being the error on the measurement
of the distance of minimum approach. The Isolation distributions for signal
and background are shown in Figure 4.10. This deﬁnition of isolation was
adopted to maximize the diﬀerence between the background and the signal.
This choise is the result of a detailed study, comparing various methods
( [37]). In Figure 4.12 the signal eﬃciency versus the background eﬃciency
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Figure 4.9: Flight distance signiﬁcance for the signal (black histogram) and
for the bb→ e±µ∓ background (red histogram).
using diﬀerent isolation deﬁnitions is shown. The blue curve is obtained
summing over all the particles with IPσIP < 3 with respect theB
0
s decay vertex,
the red curve is computed where the sum is extended to all the particles inside
a cone of radius ∆R < 2 with respect to the B0s ﬂight direction, ﬁnally the
black curve is the chosen deﬁnition of isolation. The value of the parameters
of the diﬀerent methods used for the comparison were previously obtained
optimizing the signal-background separation.
We found that in LHCb the best criterium is to use the lepton track isolation.
This is due to the fact that the background is mainly constituted by semi-
leptonic decays of b-hadrons in which other out-coming particles are emitted
close to the lepton tracks, for the signal we expect lepton tracks isolated
instead, because the b-hadron has a good fragmentation.
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Figure 4.10: Isolation for the signal (black histogram) and for the bb→ e±µ∓
background (red histogram).
4.4 Multivariate analysis
The multidimensional methods described in Chapter 3 were used for the
signal selection of the B0s → e±µ∓ channel. Once again the optimization
is done looking at the bb → e±µ∓ which is the main source of background.
In Figure 4.13 the signal eﬃciency versus the number of background events
in 1fb−1 of integrated luminosity, for the diﬀerent multivariate methods, is
shown. As can be seen, the best method is the decorrelated likelihood, as
this method has the best eﬃciency for a given level of background. It was
also the best method concerning the over-training problem. In Table 4.4
the diﬀerence in the eﬃciency between training and testing samples for the
diﬀerent methods is listed.
In all the multidimensional methods the output is a single variable, in which
all the information of the variables previously discussed is mixed. In Figures
4.14(a)-4.14(f) the outputs of the multidimensional methods for signal and
background, after a sigmoid inverse transformation, are shown.
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(a) (b)
Figure 4.11: Schematic illustration of the topology of a typical signal event
(b) and of a typical background event (a).
Table 4.4: Estimation of the over-training for the diﬀerent multivariate meth-
ods. The over-training is measured as the performance diﬀerence in the
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Figure 4.12: Eﬃciency on the signal versus the eﬃciency on the background
for diﬀerent Isolation deﬁnitions. The red line is the B0s ﬂight direction
isolation, the blue line is the B0s vertex isolation, the black line is the track
isolation (used in this study).
4.5 Background composition
A study of the background categories according to the MC associators of
the DaVinci package was carried out in [5]. This study had shown that the
main background consists of bb→ e±µ∓ events. With the new preselection,
the sensitivity study was completely carried out again comparing various
multidimensional methods, assuming that the main background consists of
bb→ e±µ∓ events.
Table 4.5 shows the background composition after the DC04 preselection
cuts for the bb→ e±µ∓ sample. As can be seen, the event with the two lep-
tons coming directly from the b-hadron (or through bremsstrahlung for the
electrons) are largely dominant. The contribution indicated as PV −PV , in
which none of the two leptons come from the b-hadron decay chain, where
the background due to the misidentiﬁcation of pi± or K± coming from the
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Figure 4.13: Signal eﬃciency versus the number of background events in
1fb−1 for various multidimensional methods.
primary vertex is also included, has a scaling factor 100. Even taking into
account the scaling factor the PV − PV background is negligible.
Concerning the background due to one of the two leptons not coming from
the b-hadron decay chain (b − PV and PV − b), or due to the two leptons
coming from the same b-hadron decay chain (b− c same), the scaling factor
is about 20.
Among these sources of background the only relevant source is that of elec-
trons coming from converted photons which don't come from the b-hadron
decay chain (PV −b). However these events are concentrated at low value of
the likelihood ratio (LR < 0.1) [5]. Therefore it is expected that this source
of background is negligible after the ﬁnal selection.
The background due to B(Λb)→ h+a h−b (two body charmless) events is topo-
logically and kinematically very similar to the signal. The main kinematical
diﬀerence is the invariant mass distribution, in fact when a pion or a kaon is
misidentiﬁed for an electron or a kaon for a muon the invariant mass is sys-
tematically lower than the mass of the decaying particle. The only speciﬁc
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(a) Likelihood. (b) Decorrelated likelihood.
(c) Boosted decision trees. (d) PCA method.
(e) Fisher discriminant. (f) Artiﬁcial neural net.
Figure 4.14: Multivariate method output distributions for the signal (black
histogram) and the background (red histogram).
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Table 4.5: Background categorization for bb→ e±µ∓ sample after the pres-
election cuts studied for the DC04 data challenge.
MCID origin soft-preselection
e, µ (or h) b− b 2877
e, µ (or h) b− PV 16
e, µ (or h) PV − b 62
e, µ (or h) PV − PV 1
e, µ (or h) b− c(same) 23
µ, 0 ghost 139
e, 0 ghost 8
total 3105
(a) B0s → e±µ∓ decay. (b) bb→ e±µ∓ events.
(c) B0d → pi+pi− decay.
Figure 4.15: Decorrelated likelihood versus the minimum of the DLL for
muon and electrons.
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cuts applied to this kind of background were muon and electron identiﬁcation
cuts. Concerning muon identiﬁcation, a DLL(µ − pi) > 2 cut was applied.
This cut allow us to have a pion misidentiﬁcation probability of about 1%,
with 78% muon identiﬁcation eﬃciency. For the electrons a DLL(e−pi) > 4
cut, corresponding to 90% electron identiﬁcation eﬃciency and to about 1%
pion misidentiﬁcation probability, was applied. To evaluate the number of
remaining events after the cuts, the likelihood eﬃciency and the misidenti-
ﬁcation probability were factorized. This can be done as the DLL and the
decorrelated likelihood are, in good approximation, independent from each
others, as can be seen in the Figure 4.15.
After the identiﬁcation cuts, the B → h+a h−b background was found negligi-
ble with respect to the main background. In Figure 4.16, the invariant mass
distribution, for the bb → e±µ∓ sample and for the various B → h+a h−b de-
cays, after the preselection and the application of the L0 trigger, but before
the application of the particle identiﬁcation cuts, are shown.
Figure 4.16: Invariant mass distribution for bb → e±µ∓ and for B(Λb) →
h+a h
−
b events in 1fb−1.
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Table 4.6: L0 Trigger eﬃciency after the soft preselection for the signal. The
eﬃciency is listed for the various L0 channels.





pi0 Local L0 20.11%
pi0 Global L0 22.04%
pi0 24.52%
Muon L0 59.64%
Sum Muon L0 83.06%
4.6 Trigger
The Level 0 trigger was studied for the signal with DC06 data sample. In
Table 4.6, all the L0 channels with the relative eﬃciency, after the soft prese-
lection cuts, are listed. The total eﬃciency is 90.5%. However, this eﬃciency
increase up to the 97% after the selection. At the time of writing, the HLT
was not yet ready, particularly concerning the electron part. However we ex-
pect that the HLT performance will not be too diﬀerent from the old L0+L1.
In this study was found that the L0 + L1 eﬃciency for DC04 data sample
was about 86% [5].
4.7 How to deal with real data
4.7.1 Training sample for the background
In the present study, the LHCb sensitivity to the B0s,d → e±µ∓ decay is
evaluated with the decorrelated likelihood method. However to use the mul-
tivariate methods, it is necessary to have a training sample for both signal
and background. The training sample is needed to built the pdf s and the
decorrelation matrix in the decorrelated likelihood and for the neural net
training in the artiﬁcial neural net method. In any case, training samples
are necessary for all the multivariate methods. In this study half of the
samples of signal and background were used for the training procedure and
126 B0s,d → e±µ∓
Table 4.7: Contamination of the sidebands from two body charmless decays
for various DLL cuts.
DLL(µ− pi) DLL(e− pi) Contamination
> −10 > −2 4%
> 0.1 > 1.5 1%
> 2 > 4 0.6%
the other half for testing. Moreover, it is necessary to train the methods
knowing before which is signal and which is background.
Obviously in real data we don't know which is signal and which is back-
ground. For the background we can train the multivariate methods by look-
ing at the sidebands.
As can be seen in Figure 4.16 the sidebands are contaminated by B(Λb) →
h+a h
−
b events. This is a problem because the B(Λb) → h+a h−b decays have a
likelihood distribution similar to the signal. In Table 4.7 three DLL cuts,
with the correspondent likelihood contamination of two body charmless de-
cays, are listed.
Figure 4.17: Signal eﬃciency versus number of background events in 1fb−1
for two levels of contamination of the sidebands from two body charmless
decays. The red line is computed for 0.6% of contamination, the red line for
4% of contamination.
In Figure 4.17, the decorrelated likelihoods, for 0.6% contamination of the
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side bands (red curve) and for 4% contamination of the sidebands, are shown.
As can be seen the eﬀect of the contamination of the sidebands is to reduce
the power of discrimination of the decorrelated likelihood4. This problem is
also present in other analysis of LHCb such as the B0s → µ+µ− channel. We
have proposed two possible solutions. One possibility is to eliminate the part
of the sidebands where the peaks are expected. For instance we can take the
Figure 4.18: Invariant mass distribution for bb → e±µ∓ and for B(Λb) →
h+a h
−
b events in 1fb−1. Possible sidebands that can be used to extract the
background variable distributions for the training of the multidimensional
methods in the B0s → e±µ∓ event selection are also shown.
sidebands as in Figure 4.18. Another solution could be to use a stronger
particle identiﬁcation cut in the sidebands to have lower contamination and
to use a looser particle identiﬁcation cut in the ﬁnal analysis. This is the
approach here adopted.
This approach is justiﬁed by the fact that the decorrelated likelihood and
the particle identiﬁcation likelihood are not correlated (Figure 4.15)5.
4It can be shown that the same eﬀect is induced in all the multivariate methods.
5This hypothesis which is valid in the MC simulation should be veriﬁed in the real data
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4.7.2 Training sample for the signal
Another problem is the training sample for the signal. We have to verify
that the variable distributions, used for the signal selection, are the same as
in the MC simulation and in real data. Some variable distributions can be
simply recovered by tuning the MC using the real detector resolution.
However, some other variables depend on parameters for which a MC tun-
ing procedure is more diﬃcult. The isolation variable, for instance, depends
on the number of particles coming from the PV and on their Pt, these pa-
rameters are diﬃcult to re-tune. In addition the Isolation variable depends
also on the other signal kinematical variables, as for instance the Pt of the
B-meson.
The channels B(Λb)→ h+a h−b have very similar distributions of kinematical
and geometrical variables to the signal and also the isolation variable is ex-
pected to be very similar. Moreover, as discussed in Section 6.3, an ideal
control channel should have the same trigger as the signal.
Therefore a good control channel could be the B0d → pi+pi−, which has a
branching ratio of Br(B0s → pi+pi−) = (4.9 ± 0.4) · 10−6. A comparison be-
tween the variable distribution for the signal and the B0d → pi+pi− decay is
shown in Figure 4.19. These distributions are obtained after a selection cut
in the decorrelated likelihood, the value of the cut is the same used for the
computation of the limit in Section 4.8.
4.7.3 Trigger in real data
To correctly evaluate the limit in case that we will not observe any signal
event, or to measure the branching ratio in the case that we observe signal
events, we have to know the eﬃciency of the selection. For this purpose we
must use control channels.
However, the B0d → pi+pi− decay, discussed in the previous Section, is mainly
triggered by the hadron trigger, while the Signal is mainly triggered by muon
and electron triggers. Moreover, variables like the eﬃciency of the parti-
cle identiﬁcation for electrons and muons, or eﬀects related to the electron
bremsstrahlung, must be taken under control.
with the use of control channels.
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(a) Invariant mass (GeV/c2) (b) Transverse momentum of the
Bs,d meson Pt(B) GeV/c
(c) Impact parameter signiﬁcance
of the Bs,d meson
(d) Flight distance signiﬁcance of
the Bs,d meson
(e) Vertex χ2 (f) Decorrelated likelihood
Figure 4.19: Comparison of kinematical variable distributions for the signal
(black line) and the B0d → pi+pi− (green line).
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The channels B+ → J/ψ(→ e+e−)K+ and B+ → J/ψ(→ µ+µ−)K+ have a
trigger similar to the signal. They are mainly triggered by the single muon
and the single electron trigger. Therefore they can also be used for the
normalization of the branching ratio in case of discovery. The comparison
between the variable distributions for the signal and these control channels
is shown in Figure 4.20.
4.8 Sensitivity to the B0s,d → e±µ∓ decays
Taking into account all the background sources listed in Table 4.1 it is pos-
sible to evaluate the LHCb sensitivity to the B0s,d → e±µ∓ channels. For
this computation the decorrelated likelihood method, which gives the best
result was chosen. The optimal cut point in the decorrelated likelihood was
chosen according to the Punzi criterium. In Figure 4.21, the behavior of the
Punzi variable as a function of the signal eﬃciency, is shown. The maximum
corresponds to the region of maximum sensitivity. It can be seen that this
point is diﬀerent for the diﬀerent methods.
In addition to likelihood and identiﬁcation cuts, a cut on the invariant mass
of | m(eµ)−mB0s |< 100MeV , was applied.
Because the expected SM prediction of the branching ratio is zero and the
new physics branching ratio is a function of unknown parameters, we give
here the upper limit to the branching ratio, in the hypothesis that only
background is observed. The limit was computed with the Bayesian method
described in [67]. A ﬂat prior pdf is assumed for the signal and Gaussian
pdf s for the acceptance and the background.
The decorrelated likelihood background distribution was ﬁtted with an ex-
ponential in the region of high signal purity to extract the expected number
of background events, as shown in Figure 4.14(b).
The limits in one year of LHCb running at nominal luminosity are Br(B0s →
e±µ∓) < 1.3 · 10−8 and Br(B0d → e±µ∓) < 3.2 · 10−9 at 90% CL. Therefore
the LHCb experiment has the possibility to improve on the present limits
( [26] , [27]) on these branching ratios, by more than two orders of magni-
tude just in one year of running at nominal luminosity.
Concerning the usual Pati-Salam model, these limits can be directly trans-
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(a) Vertex χ2. (b) ∆R(e, µ).
(c) λ = P
m
· cτ . (d) Invariant Mass.
(e) Isolation. (f) cos(PointAngle)
(g) Transverse momentum of B0s (h) Transverse momentum of lep-
tons.
Figure 4.20: Comparison between the variable distributions for the signal
(red histograms) and for the control channelsB+ → J/ψ(→ e+e−)K+ (black
histograms) and B+ → J/ψ(→ µ+µ−)K+ (blue histograms).
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Figure 4.21: Punzi variable as a function of the signal eﬃciency for the
various multidimensional methods. The maximum corresponds to the point
of maximum sensitivity in agreement with the Punzi criterium.
lated into limits on LQ masses, as shown in Figures 4.22-4.23, where the
present limits are indicated by red lines and the expected LHCb limits in
2fb−1 by blue lines.
However, when the LQ mixing with the W boson is considered, an additional
Fmix factor, according to Eq.1.20, must be taken into account.
Finally, concerning the Pati-Salam SU(4)C × SU(2)L × SU(2)R alternative
model, using Eq. 1.39, the limits on these LFV branching ratios, for the
B0s and B0d mesons, can be translate into the two lower bounds on the LQ
masses: MLQ > 3TeV and MLQ > 4TeV . These limits are very interesting
if compared to the prediction MLQ ∼ TeV given by the author of [11].
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Figure 4.22: LQ massMLQ ·Fmix, according to the 1.20, versus the branching
ratio of the B0d → e±µ∓ decay. The present limit is indicated with the red
line, the limit in one year of LHCb running at nominal luminosity is indicated
with the blue line. The green band shows the eﬀect of the eﬀect of the error
on FB(d,s).
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Figure 4.23: LQ massMLQ ·Fmix, according to the 1.20, versus the branching
ratio of the B0s → e±µ∓ decay. The present limit is indicated with the red
line, the limit in one year of LHCb running at nominal luminosity is indicated




5.1 Signal and background
A study of the LHCb sensitivity to the B0s,d → µ+µ−γ channel is presented.
The signal was generated with the software: Gauss v25r10, Boole v13r3 and
Brunel v31r8. For simplicity only the sample B0s → µ+µ−γ was generated,
assuming the same eﬃciency for the B0d → µ+µ−γ sample.
This decay was not present in the EvtGen package, moreover none of
the models already present in the package were suitable to simulate the
B0s → µ+µ−γ decay. Therefore we have generated the decay with the psp
model.
To estimate the systematic uncertainty of the decay model, we have com-
pared the variable spectra obtained with the psp model and the spectra
obtained with a software interfaced with Pythia and written by the authors
of [42]1.
The comparison between the kinematical variable spectra obtained using the
two diﬀerent programs is shown in Figures 5.1(a)-5.1(d). As can be seen,
the main diﬀerence between the two simulation is the dimuon invariant mass
distribution and the Pt of the photon.
In ﬁrst approximation the dimuon invariant mass is irrelevant for the sen-
sitivity study, while for the photon Pt, we re-weight the events a posteriori
taking into account the diﬀerence in the kinematical distributions between
1This software was used for the computation of the branching ratio and the dimuon
spectrum in [42]
135
136 B0s,d → µ+µ−γ
(a) PT of the muons. The blue
line is computed according to the
software used in [42], the red line
is computed according to the psp
model in Gauss.
(b) PT of the photons. The blue
line is computed according to the
software used in [42], the red line
is computed according to the psp
model in Gauss
(c) PT of the di-muons. The blue
line is computed according to the
software used in [42], the red line
is computed according to the psp
model in Gauss
(d) Invariant mass of the di-muons.
The blue line is computed according
to the software used in [42], the red
line is computed according to the
psp model in Gauss
Figure 5.1: Comparison between the kinematical variables, at generation
level, for the simulation with the psp model of Gauss (red histograms) and
for the simulation with the software of [42] (blue histograms) in the B0s →
γµ+µ− decay. Concerning Figure (d), the cuts on the dimuon invariant mass
listed in Table 5.4, were applied.
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Table 5.1: Number of analyzed, preselected and truth matched events for
signal and background.
Channel evts (comb) Presel evts (comb) Presel Truth Matched
B0s → µ+µ−γ 6877(16455) 3155(3509) 2761
bb→ µ+µ− 14907042 26967(30235)
the two programs.
This study was done with the DC06 data, bb→ µ+µ− events were assumed
to be the main source of background. This sample consists of bb events with
at least two muons in the ﬁnal state2. It was computed that this sample
has a cross section 2.6% of the inclusive bb cross section. The background
was generated with the software: Gauss v25r10, Boole v12r10 and Brunel
v30r17. For both signal and background samples the package DaVinci v19r2
was used in the analysis. The samples analyzed are listed in Table 5.1.
5.2 Preselection
To reduce the rate on tape, a preselection was studied. This can be used at
the HLT level as an exclusive selection.
The photon momentum was computed correcting the energy measurement
in ECAL, assuming that it comes not from the PV, but from the dimuon
intersection vertex.
Concerning photon identiﬁcation, the standard loose all photons identiﬁca-
tion cut was used. This includes not only neutral clusters in the calorimeters
which are identiﬁed as photon with the criteria of Section 2.9, but also elec-
tron pairs compatible with a photon conversion in the material. One of the
diﬃculties of this analysis is the large number of photons present in the
events. In fact there is often more than one candidate in the same event. In
Figure 5.2 the Pt spectrum of the photons in signal events is shown. The
red line represents truth matched signal events B0s → γµ+µ−, the black line
2This sample doesn't consist only of muon directly coming from the two b-hadrons, as
for the bb → e±µ∓. It is a sample extracted from the bb inclusive sample, with at least
two muons in the ﬁnal state.
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Table 5.2: Preselection cut for the B0s → γµ+µ− decay.
Cut Variable Cut Value
Pt(µ) > 500MeV
Et(γ) > 1GeV
Angle(−→P B0s ,−→r B0s −−→r PV ) < 14mrad
|M(µµγ)−MB0s | < 600MeV
consists of photons coming from pi0 decays which come from the primary
vertex, the blue line consists of photons coming from the other b-hadron. As
can be seen, the Pt of the photon is a very sensitive variable to distinguish
a signal photon from a background photon. The preselection cuts are listed
Figure 5.2: Transverse momentum of the γ in signal events with truth match
(red line), from the other b-hadron (blue line) and from pi0 (black line).
in Table 5.2, with these cuts a rejection of about 3 · 10−4 on the bb inclusive
sample can be achieved. After the preselection, the number of combination
per event is reduced to 1.1 for both signal and background samples. In Fig-
ures 5.3(a)-5.3(d) the preselection variables for signal and background are
shown.
5.3 Multivariate analysis
This channel being a very rare decay, it is very important to have high eﬃ-
ciency with a high level of background rejection. Therefore this is the typical
analysis in which the multivariate methods give better results with respect
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(a) IP
σIP
of the B0s . (b) Isolation of the photon.
(c) Et of the photon. (d) Transverse momentum of the
B0s (Pt(B0s )).
Figure 5.3: Distribution of some of the input variables used with multidi-
mensional methods. The black histograms are signal events and the red
histograms are background events.
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to an analysis done with standard rectangular cuts. For this channel three
multivariate methods were compared: the Fisher discriminant, the likelihood
ratio and the decorrelated likelihood ratio. The following ﬁve input variables
were used for signal selection.
-The smallest impact parameter signiﬁcance of the B0s meson with respect




-The pointing angle of the B0s meson: Angle(
−→
P B0s ,
−→r PV −−→r B0s );
-The transverse momentum of the B0s meson : Pt(B0s );
-The transverse momentum of the photon: Pt(γ);
-The isolation of the photon: Pt(γ)Pt(γ)+P∆R<2(Pt)i .
The sum in the isolation variable runs over the particles within a cone of
∆R < 2 with respect to the photon ﬂight direction. The selection variables
for this channel are very similar to the variables used for the B0s → e±µ±
selection, except for Pt(γ) and the deﬁnition of the Isolation.
This is due to the fact that the main source of background consists of the
combinatorial background of photons. Signal events have in general a more
isolated photon with a higher Pt with respect to the background.
In Figures 5.4(a)-5.4(c) the outputs of the three multidimensional meth-
ods used are shown. The comparison of the eﬃciency as a function of the
background events can be seen in Figure 5.5. This time the best method
seems to be the likelihood ratio. In addition to the likelihood ratio cut, an
invariant mass cut of | Mass(µ+µ−γ) −Mass(B0s ) |< 210MeV/c2 was ap-
plied for the ﬁnal selection. The invariant mass distributions for signal and
background are shown in Figure 5.6. The red histogram is the signal with
the MC truth match, the black histogram consists of signal events for which
the photon doesn't come from the B0s → γµ+µ− decay, the blue histogram
is the bb→ µ+µ− invariant mass distribution 3.
5.4 Trigger
The ﬁrst level of trigger (L0 Trigger) was studied. The eﬃciency for signal
events after the preselection is about 89%. In Table 5.3 the eﬃciency for
3The normalization between the signal and the background is arbitrary.
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(a) Likelihood ratio (b) Decorrelated likelihood ratio
(c) Fisher discriminant
Figure 5.4: Distributions of the multidimensional output for the three diﬀer-
ent methods for signal (black histogram) and background (red histogram).
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Figure 5.5: Signal eﬃciency versus the number of background events in 2fb−1
for the three multidimensional methods. The black line is computed with
the likelihood method, the red line with the decorrelated likelihood method
and the blue line with the Fisher discriminant method.
the various L0 trigger channels is listed. However, the L0 dimuon trigger is
under development and we would expect an increasing eﬃciency when this
algorithm is ready. The HLT was not available at the moment of the study.
However we expect a very high total eﬃciency close to 90% because this
channel will be triggered predominantly by the double muon trigger.
5.5 Sensitivity to the B0s,d → γµ+µ− decays
The LHCb sensitivity to this channel was studied in the hypothesis that the
main background consists of bb→ µ+µ− events.
The behavior of the Punzi variable with respect to the eﬃciency of the signal
for the three multivariate methods is shown in Figure 5.7. The background
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Figure 5.6: Invariant mass distribution for signal and background (bb →
µ+µ−). The red histogram is the signal with truth match, the black line are
signal events in which the photon doesn't come from the B0s → γµ+µ− decay,
the blue histogram is the background (bb → µ+µ). Signal and background
distributions are not normalized.
due to B → h+a h−b + (γ) was considered negligible if compared to the larger
background due to bb→ µ+µ− events. However, a cut on DLL(µ−pi) > −10
was applied to reject the background due to pions coming from the PV.
Since the resonance regions are aﬀected by large theoretical uncertainties,
these regions are not interesting for the search of NP. Therefore cuts on
dimuon invariant mass to reject the long distance contribution of known res-
onances, were applied. These cuts are listed in Table 5.4.
Using the likelihood ratio method, the limits in one year of running of
the LHCb experiment are: Br(B0s → µ+µ−γ) < 5.8 · 10−7 and Br(B0d →
µ+µ−γ) < 1.4 · 10−7 at 90% CL.
Unfortunately, the LHCb experiment will not be able to measure the pre-
dicted SM branching ratio. Therefore the LHCb experiment will be sensitive
only to large NP eﬀects.
However, this measurement could be interesting for some NP models, in
which operators which are not present in the B0s → µ+µ− decay, appear.
The fact that the standard likelihood ratio has better performance with re-
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Table 5.3: L0 Trigger eﬃciency for the signal. The eﬃciency for the various
L0 channels are listed.





pi0 Local L0 11.49%
pi0 Global L0 17.68%
pi0 17.68%
Muon L0 60.49%
Sum Muon L0 85.83%
Table 5.4: The excluded dimuon invariant mass regions for the B0s → γµ+µ−
decay are listed.
excluded µµ J/ψ(1S, 2S) mass rejection
invariant mass 2900− 3200MeV/c2 and 3650− 3725MeV/c2,
regions Mass(µ+µ−) < 1200MeV/c2
spect to the decorrelated likelihood ratio has not yet been quite understood
and will be subject of further investigation. However, even without other
improvements, the limit on the B0d , in just one year of data taking, is equal
to the world best result already set by BABAR ( [48]). Moreover, even if the
limit for the Br(B0s → µ+µ−γ) is of the same order as the present limit on
the B0d of [48], the B0s → γµ+µ− decay is much more interesting concerning
the NP searches. In fact by looking at Eq. 1.43, it can be seen that both SM
and NP operators are multiplied by the factor VtqV ∗tb. Whichever operators




20 because of Cabibbo suppression. Hence, the sensitivity
to NP operators, which can be achieved in the LHCb experiment with this
channel, is 20 times higher than the sensitivity achievable with the same
limit on the B0d → µ+µ−γ 4 decay.
4A Similar argument is not valid for the LFV decays B0s,d → e±µ∓ in context of Pati-
Salam like models. This is due to the fact that these decays can be represented by tree
level diagrams.
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Figure 5.7: Punzi variable as a function of the signal eﬃciency for the dif-
ferent muldimensional methods. The maximum is the point of maximum
sensitivity.




6.1 Observables in the B0d → K∗0(892)µ+µ− channel
Figure 6.1: Kinematic variables for the B0d → K∗0µ+µ− decay.
In Section 1.7 it was explained that the asymmetries A(1),(2)T and the
FBA in the B0d → K∗0(892)µ+µ− decay are predictable with a very small
theoretical error within the SM and are sensitive to NP, in particular to
right-handed currents. However, it is not possible to measure directly these
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asymmetries except for the FBA. Projecting the angular distribution onto



















FL sin2 θl +
3
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(1− FL)(1 + cos2 θl) + (6.2)








2FL cos2 θK + (1− FL) sin2 θK
)
(6.3)
The LHCb sensitivity to the FBA in the B0d → K∗0µ+µ− channel was
studied in detail in [54] with a counting experiment. The acceptance and
background eﬀects were taken into account. To measure the A(2)T asymmetry
it is necessary to ﬁt the distributions 6.1 and 6.3.
In Figure 6.2 the possible measurements in 2fb−1 of integrated luminosity of
the LHCb experiment, simulated with the software RooFit, are shown. The
theoretical distributions are superimposed (blue lines). The sensitivity to
the observables A(2)T , FL and AFB in 2fb−1 of integrated luminosity of the
LHCb experiment are shown in Table 6.1, for diﬀerent s regions.
These results were obtained in [60] with RooFit under the following
conditions:
-The distributions are given in the range 1GeV2 < s < 6GeV2, which is the
range in which the theoretical predictions are valid;
-Resolutions and acceptance eﬀects were neglected;
-The background distributions are considered ﬂat in all the observables.
The results are listed in Table 6.1 and Table 6.21.
The resolution in the AFB and FL measurement is very good. However,
even if the parameter FL is in principle sensitive to NP eﬀects, these eﬀects
are comparable to the theoretical uncertainties (Figure 6.3). The resolution
on the A(2)T parameter is not good. This is due to the fact that the (1−FL)
function has a minimum in the middle region of the variable s (1.00 < s <
6.00) which is the most interesting for the NP measurement and that there is
correlation between the two parameters in the ﬁt (see equation 6.1). However
1This tables are taken from [60]
6.1 Observables in the B0d → K∗0(892)µ+µ− channel 149
(a) φ distribution. (b) θl distribution.
(c) θK distribution.
Figure 6.2: Possible measurements in 2fb−1 of integrated luminosity at LHCb
for the angles φ (a), θl (b) and θK (c). The theoretical distributions are also
shown (blue lines). The expected background is represented by the dashed
lines.
Table 6.1: Sensitivity to A(2)T , FL and AFB in 2fb−1. The results are given
for three regions of s, being s the dimuon invariant mass square.
s region (GeV2/c4) A(2)T AFB FL
0.05-1.00 0.14 0.034 0.027
1.00-6.00 0.42 0.020 0.016
6.00-8.95 0.28 0.022 0.017
Table 6.2: Sensitivity to A(2)T , FL and AFB in 10fb−1. The results are given
for three regions of s, being s the dimuon invariant mass square.
s region (GeV2/c4) A(2)T AFB FL
0.05-1.00 0.007 0.017 0.011
1.00-6.00 0.16 0.008 0.007
6.00-8.95 0.13 0.010 0.008
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Figure 6.3: SM prediction for the observable FL as a function of the dimuon
mass. The leading order and next-to-leading order prediction are shown.
The band represents the theoretical uncertainty. Predictions of some SUSY
models are also shown.
this precision improves with the statistics.
It is not possible to measure the A(1)T asymmetry with a projection study.
For this measurement a full angular ﬁt is necessary, which has not been
yet implemented. The study of [60] was done without taking into account
acceptance and resolution eﬀects. Concerning the resolution eﬀects, these
are negligible as long as the variables are slowly varying with respect to the
experimental resolution. Because the angular resolution is quite good this is
actually the case. However, biases coming from the detector acceptance can
no longer be neglected in this kind of measurement.
In this thesis work the possibility to correct the angular biases in the B0d →
K∗0µ+µ− channel with the control channel B0d → J/ψK∗0 was studied.
6.2 Signal selection
The K∗0(892) is an unstable particle which decays with a branching ratio
of almost 100% in Kpi, with an amplitude of Γ = 50.3 ± 0.6MeV . For the
strangeness conservation, the K∗0(892) decays with a K+ in the ﬁnal state
and the K∗0(892) has a K− in the ﬁnal state. Therefore this decay is ﬂavor
speciﬁc, i.e. B0d and B
0
d can be recognized by the decay products.
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Table 6.3: Selection and preselection cuts for the B0d → K∗0µ+µ− channel.
Cut Variable Preselection cut value Selection cut value
B0d mass window ±500MeV/c2 ±50MeV/c2
B0d Pt > 250MeV/c > 250MeV/c
B0d vertex χ2 < 50 < 20
B0d Pointing angle < 141mrad < 22mrad
B0d FS − > 6
B0d sIPS < 8 < 5
B0d Vertex Isolation − 11
K∗0(892) mass window ±300MeV/c2 ±100MeV/c2
K∗0(892) Pt > 300MeV/c > 300MeV/c
K∗0(892) vertex χ2 < 30 < 30
K∗0(892) FS − > 1
K∗0(892) sIPS > 1.5 > 1.5
K± P > 2000MeV/c 2000MeV/c
K± Pt 250MeV/c 400MeV/c
K± sIPS > 1.5 > 3
µµ excluded − J/ψ(1S, 2S) mass rejection
mass window 2900− 3200MeV/c2 and
3650− 3725MeV/c2
µµ vertex χ2 − < 15
µµ ﬂight-distance − > 1mm
µ± P > 4000MeV/c 4000MeV/c
µ± Pt 300MeV/c 500MeV/c
µ± sIPS > 0.5 > 2.0
The selection and preselection cuts were studied in [55], these cuts are listed
in Table 6.3 2. With these cuts a BS = 0.5 ± 0.2 after the Trigger can be
achieved, with a signal eﬃciency of 1.11± 0.03%.
For this kind of analysis it is not appropriate to use multivariate methods
for signal selection, for two main reasons:
-The signal rate is suﬃciently high and it is less important with respect to
very rare decays to have high eﬃciency;
-We want to have under control all the possible sources of bias due to signal
selection.
2The vertex Isolation variable is deﬁned as the number of particles which have a IPS< 3
with respect to the B0d decay vertex.
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6.3 Choice of the control channel
If we neglect resolution eﬀects, the diﬀerential decay rate of Equation 1.44
can be written as:
Imeasured(θK , θl, φ, s) = Itrue(θK , θl, φ, s)×Adet(θK , θl, φ, s) (6.4)
where Imeasured is the 4-dimensional measured distribution of the observ-
ables, Itrue is the true distribution of the observables and Adet is the detector
acceptance. The function Adet depends not only on detector eﬃciency eﬀects
but also on selection cuts.
Obviously knowing the function Adet it is possible to obtain the function
Itrue in which we are interested in, from the function Imeasured.
In principle it would be possible to measure the function Adet if we had an
ideal control channel. An ideal control channel has the following character-
istics:
-It is well known, i.e. it is a channel for which we know the observable dis-
tributions with suﬃcient precision;
-It has very high statistics;
-It has the same ﬁnal state as the signal;
-It has the same observable spectra as the signal;
-It is triggered by the same channels as the signal.
When there is no ideal control channel the function Adet cannot be measured
directly. In this work the use of the control channel B0d → J/ψK∗0(892) is
proposed. This channel is very well known, its angular distributions were
measured by the BABAR experiment in a very clean environment [61]. It
has suﬃciently high statistics, its branching ratio is Br(B0d → J/ψK∗0) =
(1.33± 0.06) · 10−3 and Br(J/ψ → µ+µ−) = (5.96± 0.06) · 10−2.
Moreover signal and the control channel have the same ﬁnal state and both
of them are triggered by the same channel (the dimuon trigger).
The only problem is that for the control channel the s variable is almost a
Dirac δ function peaked around the J/ψ invariant mass. The kinematical
spectrum of the muon pair is, therefore, completely diﬀerent in the two chan-
nels and for this reason it is hard to use this channel for the θl recovering
(see below).
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For this study full simulated data of the DC06 data challenge for both signal
and control channel were used. For the MC simulation and the data analysis
the following packages were used: Gauss v25r12, Boole v12r10, Brunel v30r17
and DaVinci v17r8. For simplicity the background is neglected, assuming
for it a ﬂat distribution in all the observables.
6.4 θK recovering
In Figures 6.4(a)-6.9(c) the comparison between the true MC θK distribution
(blue histogram), and the θK distribution for preselected events with truth
match with respect to the MC truth (red histogram), is shown. The total
acceptance eﬀect is similar for both signal and control channel. In Figures
(a) B0d → J/ψK∗0(892) (b) B0d → K∗0(892)µ+µ−
Figure 6.4: θK distribution for the reconstructed preselected events (red
histogram) and for the MC truth (blue histogram).
6.5(a)-6.5(b) the scatter plots of the θK angle versus the muon momentum
and the muon transverse momentum are shown. It can be seen that the θK
(a) θK VS P (µ±) (b) θK VS Pt(µ±)
Figure 6.5: θK distribution versus the P and Pt for the muons.
angle is quite independent on the muon spectrum. This allows us to disen-
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tangle the θK recovering procedure from the muon kinematical variables.
However the θK angle distribution is strongly correlated with the ﬁnal hadron
momentum (Figures 6.6(a)-6.6(d)). In the following, with the term mea-
(a) θK VS P (pi±) (b) θK VS Pt(pi±)
(c) θK VS P (K±) (d) θK VS Pt(K±)
Figure 6.6: θK distribution versus the P and Pt of the hadrons pi± and K±.
sured distribution, we indicate the variable distribution of the preselected
events with truth match. The choice to take the truth matched is justiﬁed
by the fact that we would like to separate the eﬀect of fake combinations and
the eﬀect due to the detector acceptance. Here two methods for the θK re-
covering, using the control channel B0d → J/ψK∗0, are presented [7]. These
method are the correction using P or Pt information and the correction based
on the direct θK recovering.
6.4.1 θK correction using P or Pt information
The detector acceptance must depend in some way on the kinematical vari-
ables (P , Pt) of the particles in the ﬁnal state. Here an event-by-event
eﬀective correction is proposed. We assume that the detector acceptance
depends only on the transverse momentum of the particles in the ﬁnal state.
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Table 6.4: χ2 of the diﬀerence between the measured distribution and the
MC truth distribution. The χ2 is computed with respect to the straight line
∆θK = 0.
Channel χ2 χ2 per degree of freedom Method
B0d → J/ψK∗0(892) 351 14.1 No recovering
B0d → J/ψK∗0(892) 33.1 1.32 Using Pt
B0d → K∗0(892)µ+µ− 348 13.9 No recovering
B0d → K∗0(892)µ+µ− 35.2 1.40 Using Pt
B0d → K∗0(892)µ+µ− 22.0 8.80 · 10−1 direct
In this case we have:
²tot = ²tot(Pt(µ+), Pt(µ−), Pt(pi±), Pt(K±)). (6.5)
Moreover, assuming that the eﬃciency as a function of Pt for the diﬀerent
particles is not correlated, 6.5 becomes:
²tot(Pt) = ²µ+(Pt)× ²µ−(Pt)× ²pi(Pt)× ²K(Pt) (6.6)
These hypotheses can be veriﬁed a posteriori. Because the θK distribution is
uncorrelated with the muon spectrum (Figures 6.5(a)-6.5(b)) we can assume
that ²µ±(Pt) = cost. We can extract ²K(pi)(Pt) from the control channel
B0d → J/ψK∗0(892). Than the signal events can be weighted by the function:
W = {²pi(Pt) · ²K(Pt)}−1 . (6.7)
In Figure 6.7 the ratio of the kaon Pt distribution for the measured particles
and for the MC truth is shown. This plot is by deﬁnition the eﬃciency as a
function of Pt, except for a scaling factor. The distribution in Figure 6.7 is
ﬁtted with the function of Eq. 6.8 for pions and kaons:
²pi(K)(Pt) = 1− e−α(β)
Pt
GeV . (6.8)
The coeﬃcients α and β (for the pi± and K± respectively) are extracted from
the channel B0d → J/ψK∗0(892). In Figures 6.8(a)-6.8(d) the Pt distribution
for the signal, before and after the recovering procedure, compared with the
MC truth distribution is shown. The eﬃciency extracted from the control
channel can be therefore used to recover the Pt distribution of the signal.
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Figure 6.7: Eﬃciency as a function of Pt. The function used for the ﬁt (Eq.
6.8) is also shown.
The main result of this procedure is that it allows θK recovering. This
is shown in Figures 6.9(b)-6.9(d). These Figures show the comparison be-
tween the MC truth distribution and the measured distribution before (Fig-
ure 6.9(c)) and after (Figure 6.9(d)) the recovering procedure.
In Figure 6.10(b), the absolute diﬀerence between the MC truth distribution
and the measured distribution, is shown. The red points are the experimen-
tal data before the recovering procedure, the blue points are obtained with
the recovering procedure, the straight line represents the MC distribution.
To measure the goodness of the recovering procedure we can compute the
χ2 of the experimental points with respect to the theoretical distribution
(the straight black line in 6.10(a)-6.10(c)) of Figure 6.10(b). The result is
shown in Table 6.4. For both signal and control channel, the χ2 per degree of
freedom, after the recovering procedure, is signiﬁcantly smaller than before
and it is close to one.
Unfortunately, in the real data we cannot directly extract ²pi(K)(Pt) by look-
ing at the Pt distributions of the control channel. In fact the Pt distribution
is aﬀected by large uncertainties due to non perturbative QCD eﬀects.
However, the two parameters α and β, needed for the computation of
²tot(Pt), can be extracted minimizing the χ2 of the diﬀerence between the
θK distribution in the data and in the MC for the control channel. The θK
distribution is in fact very well known for the control channel [61] and it
can be directly taken from BABAR measurements.
This procedure is less eﬃcient in the tails of the θK distribution. This is due
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(a) pi± before recovering (b) pi± after recovering
(c) K± before recovering (d) K± after recovering
Figure 6.8: Pt distribution before and after the recovering procedure for the
signal. The ²pi,K(Pt) used for the recovering procedure was extracted from
the control channel. The red histograms are full simulated reconstructed and
preselected events, the blue histograms are MC truth events.
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(a) θK B0d → J/ψK∗0(892) before
recovering
(b) θK B0d → J/ψK∗0(892) after
recovering
(c) θK B0d → K∗0(892)µ+µ− before
recovering
(d) θK B0d → K∗0(892)µ+µ− after
recovering
Figure 6.9: θK distribution before and after the event-by-event recovering
procedure for both signal and control channel. The red histograms are full
simulated reconstructed and preselected events, the blue histograms are MC
truth events.
to the fact that the tails are more sensitive to the low Pt distributions of the
particles and it is impossible to recover the events removed from the Pt cuts.
Because many preselections have Pt cuts we have also tried to recover the
θK distribution using the P information instead of the Pt. However the eﬃ-
ciency function for the single particle is not dependent on a single parameter
any more. The eﬃciency ²pi(K)(P ) was ﬁtted with the function of Eq. 6.9:
²pi(k)(P ) = e
−γ(δ) P
GeV {1− e−α(β) PGeV }. (6.9)
The signal events can be weighted by the function W = {²pi(P ) · ²K(P )}−1.
Using this method it is still possible to recover the θK distribution (Figures
6.11(a)-6.11(b)) but the result is worse than the previous result obtained
using the Pt information. This is due to the fact that the information of the
Pt is now diluted by the boost. Moreover there are twice as many parameters
as before and it could be diﬃcult to extract the four needed parameters from
the θK distribution of the control channel. In conclusion, weighting the signal
events with ²tot(Pt), it is possible to recover the θK distribution. In this case
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(a) Absolute diﬀerence between the
measured distribution and the MC
θK distribution for the B0d →
J/ψK∗0(892) channel. The blue
points are computed with the recov-
ering procedure, the red points are
the original data.
(b) Absolute diﬀerence between the
measured distribution and the MC
θK distribution for the B0d →
K∗0(892)µ+µ− channel. The blue
points are computed with the recov-
ering procedure, the red points are
the original data.
(c) Relative diﬀerence between the
measured distribution and the MC
θK distribution for the B0d →
K∗0(892)µ+µ− channel. The blue
points are computed with the recov-
ering procedure, the red points are
the original data.
Figure 6.10:
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(a) θK distribution of the B0d →
J/ψK∗0(892) channel before recov-
ering. The red histogram consists
of full simulated reconstructed and
preselected events, the blue his-
togram consists of MC truth events.
(b) θK distribution of the B0d →
J/ψK∗0(892) channel after recov-
ering. The red histogram consists
of full simulated reconstructed and
preselected events, the blue his-
togram consists of MC truth events.
(c) Eﬃciency as a function of P for
kaons in the ﬁnal state in the con-
trol channel.
Figure 6.11:
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it is very reasonable to assume that ²pi(K)(Pt) is the same for both signal
and control channel. In fact we expect that the eﬃciency as a function of Pt
doesn't depend on the particular channel.
6.4.2 Correction based on the direct θK recovering
Assuming that the eﬃciency as a function of θK is the same for both signal
and control channel, we can directly recover the θK distribution. This can be
done by measuring the eﬃciency ²(θK) in the control channel and weighting
the signal events with the function ²−1(θK). In Figure 6.12 the weighting
Figure 6.12: Weighting function for direct θK recovering. The W = ²−1(θK)
function of 6.10 is also shown.
function, extracted from the comparison between the true θK distribution
and the measured θK distribution in the control channel, is shown. This is
ﬁtted with the function in Eq. 6.10.
W = ²−1(θK) = α(xβ + γ) + δ. (6.10)
The recovered θK distribution is shown in Figure 6.13(b). The absolute
diﬀerence between the measured θK distribution and the MC truth θK dis-
tribution before (red points) and after the recovering procedure (blue points)
can be seen in Figure 6.13(c). The χ2 of the experimental data with respect
to the theoretical curve are listed in Table 6.4 for the original and recovered
data. As can be seen, the correction based on the direct θK recovering gives
the best result, however this procedure is based on the hypothesis that the
²(θK) function is the same for both signal and control channel. It is diﬃcult
to verify this hypothesis in real data. Moreover the θK observable is not a
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good variable to express the detector eﬃciency. For this reason the other
method was studied.
(a) θK B0d → K∗0(892)µ+µ− be-
fore recovering. The red histogram
consists of full simulated recon-
structed and preselected events, the
blue histogram consists of MC truth
events.
(b) θK B0d → K∗0(892)µ+µ− after
recovering. The red histogram con-
sists of full simulated reconstructed
and preselected events, the blue his-
togram consists of MC truth events.
(c) Absolute diﬀerence between the
measured θK distribution and the
θK theoretical distribution. The
red points are computed before
the recovering procedure, the blue
points after the recovering proce-
dure.
(d) Relative diﬀerence between the
measured θK distribution and the
θK theoretical distribution. The
red points are computed before
the recovering procedure, the blue




The φ angle is the angle between the planes of the z-axis and the K∗0(892)
decay and the muon pair in the B-meson rest frame (6.1). Because of the
symmetry of the system it is hard to think of a detector eﬀect which can
distort this distribution. Therefore we would expect a ﬂat φ acceptance
function. In Figure 6.14, the MC truth φ distribution (blue histogram) and
the measured φ distribution after a very strong Pt artiﬁcial distortion for
the particle in the ﬁnal state, are shown. Moreover, the φ distribution is
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completely independent on all the kinematical variables of the particles in
the ﬁnal state (Figures 6.15(a)-6.15(f)).
Figure 6.14: φ distribution for the MC truth (blue histogram) and after a
very strong artiﬁcial distortion of the Pt of particles in the ﬁnal state (red
histogram).
6.6 θl recovering
6.6.1 Eﬀect of selection cuts
Among the preselection and selection cuts there are cuts that do not give a θl
ﬂat acceptance function. These eﬀect is predominantly due to muon Pt cuts.
In Figures 6.16(a)-6.16(d), it can be seen the θl eﬃciency in diﬀerent dimuon
invariant mass bins, when a cut of Pt > 300MeV is applied. However, also
sIPS cuts have a small eﬀect on the shape of θl acceptance function (Figure
6.17(a)).
The other cuts, like cuts on the vertex χ2 and on the FS, are not correlated
to θl angle (see for instance Figure 6.17(b)).
Even if it is better to avoid cuts that give a non ﬂat acceptance function with
respect to the angles, it is diﬃcult to avoid Pt cuts which are also present
at the Trigger level. However, this channel will be triggered predominantly
by the dimuon Trigger. It can be seen from Figures 6.18(a)-6.18(b) that the
cut on the dimuon Pt is not correlated with the θl variable. The dimuon Pt
is also not correlated with the other angles (Figures 6.19(a)-6.19(c)).
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(a) φ Vs Pt(pi±) (b) φ Vs P (pi±)
(c) φ Vs Pt(K±) (d) φ Vs P (K±)
(e) φ Vs Pt(µ±) (f) φ Vs P (µ±)
Figure 6.15: correlation of the φ angle with the P and Pt of the particles in
the ﬁnal state.
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(a) 1GeV 2 (b) 2GeV 2
(c) 3GeV 2 (d) 9GeV 2
Figure 6.16: θl acceptance function for various muon Pt cuts. Note that the
acceptance function is ﬂat for high dimuon mass.
(a) low s (b) high s
Figure 6.17: θl acceptance when a sIPS cut (sIPS > 3σ) on the muons is
applied for a low dimuon mass a) (s < 4GeV 2/c4) and for high dimuon mass
b) (s > 4GeV 2/c4).
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(a) s = 1GeV 2 (b) s = 2GeV 2
Figure 6.18: θl acceptance for two values of the dimuon mass, with a dimuon
Pt cut at 1GeV .
(a) Dimuon Pt VS φ. (b) Dimuon Pt VS θl
(c) Dimuon Pt VS θK
Figure 6.19: Dimuon Pt versus the φ, θl and θK angles.
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6.6.2 Problems in θl recovering
The θl distribution is very strongly correlated to the muon transverse mo-
mentum for low dimuon invariant masses (Figure 6.20(a)) but it is almost
independent of it for high dimuon invariant masses.
Since the eﬃciency with respect to θl is ﬂat for high dimuon invariant
masses, in the region of the control channel (the J/ψ invariant mass is about
3.1GeV/c2), we expect a ﬂat θl acceptance function for the B0d → J/ψK∗
decay. Therefore we cannot hope to recover the θl distribution with this
control channel.
However, the θl recovering was studied with the more promising control
channel B0d → K+µ+µ− for which the dimuon invariant mass spectrum is
the same as the signal and for which no FBA is expected.
This study is not part of this thesis work.
(a) low s (b) high s
Figure 6.20: Correlation of the θl angle with the muon Pt in the B0s →
K∗0µ+µ− decay for low dimuon mass (s < 4GeV 2/c4) and high dimuon
mass (s > 4GeV 2/c4).
6.7 Conclusions
The B0d → K∗0µ+µ− is a very promising channel for the search of NP, not
only for the FBA but also for the other asymmetries.
To measure the A(1)T asymmetry a full 3-dimensional angular analysis with
10 free parameters is necessary. This ﬁt has not yet been implemented.
The A(2)T asymmetry and the FBA can be extracted by a projective analysis.
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The LHCb sensitivity to the FBA in the B0d → K∗0µ+µ− was already studied
in detail in [54]. The very promising control channel B0d → K+µ+µ− was
already proposed for θl recovering. However this channel cannot be used for
θK recovering because it is not possible to deﬁne the θK angle.
For the θK recovering the B0d → J/ψK∗0(892) channel is here proposed.
Two recovering methods for the θK angle were studied in this thesis (the
correction using Pt information and the correction based on the direct θK
recovering).
This study has also highlighted that the selection cuts must be chosen very
carefully to avoid cuts that do not give a ﬂat acceptance function with respect
to the angles, like Pt or IPS cuts.
Conclusions
In this thesis three analysis are presented: The sensitivity of the LHCb ex-
periment to the B0s,d → e±µ∓ decays, to the B0s,s → γµ+µ− decays and a
study of angular biases correction in the B0d → K∗µ+µ− decay.
The selections for the B0s,d → e±µ∓ and B0s,s → γµ+µ− channels were car-
ried out for the ﬁrst time in LHCb, using a full MC simulation. For both
channels, after a preselection done using standard rectangular cuts, various
multidimensional methods were compared for the ﬁnal selection.
Concerning the B0s,d → e±µ∓ decays, the upper bound on the branching
ratios are Br(B0s → e±µ∓) < 1.3 · 10−8 and Br(B0d → e±µ∓) < 3.2 · 10−9
at 90% CL, in 1 year, running at nominal luminosity. These results can
improve substantially the limits from past experiments. These limits were
interpreted in the context of various beyond the SM scenarios.
Concerning the B0s,d → γµ+µ−, the limits are Br(B0s → µ+µ−γ) < 5.8 ·10−7
and Br(B0d → µ+µ−γ) < 1.4 · 10−7 at 90% CL, in 1 year, running at nomi-
nal luminosity. These limits would represent the world best limits on these
branching ratios. Particularly interesting is the B0s → µ+µ−γ which is en-
hanced by a factor 20 with respect the B0d → µ+µ−γ and for which there is
no measurement available.
The B0d → K∗µ+µ− decay is one of the most promising channel for early
measurements in LHCb. The asymmetry A(2)T , which is an observable sensi-
tive to various NP eﬀects, can be measured with a projection study.
This measurement is not straightforward, as the θK distribution, necessary
to extract A(2)T , is very sensitive to the acceptance. Here two recovering
methods (the recovering using Pt information and another one based on di-
rect θK recovering) were studied.
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Both of them can be used to recover the θK distribution. The one based on
the direct θK recovering gives the best result. However, θK is not directly
related to the detector acceptance. For this reason also another method were
studied. A comparison between the results obtained with the two methods
can be done with real data.
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